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ABSTRACT 
Interactions of cells with the extracellular matrix (ECM) have important roles in various 
physiological and pathological processes, including tissue morphogenesis during 
embryonic development, wound healing and tumor invasion. Although most of the 
proteins involved in cell-ECM interactions have been identified, the underlying 
mechanisms and involved signaling pathways are incompletely understood. Here, 
atomic force microscope-based imaging and single-cell force measurements were 
used to characterize the interactions of different cell types with ECM proteins. 
The interplay between cells and ECM is complex. However, two interaction 
types, protein-protein and protein-carbohydrate, predominate. Integrins, adhesion 
receptors for ECM, mediate the former, galectins, a family of animal lectins, the latter. 
In the second chapter of this thesis, the contributions of both receptor families to the 
interactions of epithelial MDCK cells with ECM proteins are presented. It was found 
that galectins-3 and 9 are highly expressed in MDCK cells and required for optimal 
long-term adhesion (90 minutes) to ECM proteins collagen-I and laminin-111. 
Interestingly, early adhesion (< 2 minutes) to laminin-111, was integrin-independent 
and instead mediated by carbohydrate interactions and galectins. In contrast, early 
adhesion to collagen-I was exclusively mediated by integrins. Moreover, cells 
frequently entered an enhanced adhesion state, marked by a significant increase in the 
force required for cell detachment. Although adhesion was mediated by integrins, 
adhesion enhancement was especially observed in cells depleted for galectin-3. It was 
proposed that galectin-3 influences integrin-mediated adhesion complex formation by 
altering receptor clustering. 
To control their attachment to ECM proteins, cells regulate integrin receptors. 
One regulatory process is integrin crosstalk, where the binding of one type of integrin 
influences the activity of another type. In the third chapter, the implementation of a 
single-cell force spectroscopy assay to identify such crosstalks and gain insight into 
their mechanisms is described. In this assay the interactions of integrin receptors being 
specifically attached to one ligand are characterized in dependence of another ligand-
bond receptor pair. With this assay a crosstalk between collagen-binding integrin !1"1 
and fibronectin-binding integrin !5"1 was identified in HeLa cells. This crosstalk was 
directional from integrin !1"1 to integrin !5"1 and appeared to regulate integrin !5"1 by 
inducing its endocytosis. 
In the fourth and final chapter, mechanisms of matrix-induced cell alignment 
were studied by imaging cells on two-dimensional matrices assembled of highly 
aligned collagen fibrils. Integrin !2"1 was identified as the predominant receptor 
mediating cell polarization. Time-lapse AFM demonstrated that during alignment cells 
deform the matrix by reorienting individual collagen fibrils. Cells deformed the collagen 
matrix asymmetrically, revealing an anisotropy in matrix rigidity. When matrix rigidity 
was rendered uniform by chemical cross-linking or when the matrix was formed from 
collagen fibrils of reduced tensile strength, cell polarization did not occur. This 
suggested that both the high tensile strength and pliability of collagen fibrils contribute 
to the anisotropic rigidity of the matrix and lead to directional cellular traction and cell 
polarization. During alignment, cellular protrusions contacted the collagen matrix from 
below and above. This complex entanglement of cellular protrusions and collagen 
fibrils may further promote cell alignment by maximizing cellular traction. 
 
The work presented here adds to the understanding of cell-ECM interactions. Atomic 
force microscopy imaging allowed characterizing the behavior of cells on 
nanopatterned collagen matrices whereas single-cell force spectroscopy revealed 
insights into the regulation of cell adhesion by galectins. Furthermore, methodological 
advances in the single-cell force spectroscopy assay allowed the intracellular 
regulation of receptor molecules to be studied. The work demonstrates that atomic 
force microscopy is a versatile tool to study cell-ECM interactions 
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Chapter 1 
ON THE IMPORTANCE OF CELL-ECM INTERACTIONS 
A crucial aspect of cell function in multicellular organisms is the physical interaction of 
cells with the surrounding extracellular matrix (ECM; Adams, 2002; Lauffenburger and 
Wells, 2001). Cell-ECM interactions regulate growth, differentiation, migration and 
survival of cells. Genetic deletions for adhesion receptors (Fassler and Meyer, 1995), 
ligands (Lohler et al., 1984), and adhesion-associated components (Monkley et al., 
2000) are lethal at early stages of development. Consequently, elucidating the 
mechanical interactions between cells and matrix is essential for a better 
understanding of how cells and ECM interact. 
 
In this introductory chapter I give an overview of different methods used to 
study the interactions of cells with ECM. Furthermore, I introduce the projects of my 
PhD thesis and relate their results to the current literature on cell-ECM interactions. 
 
To be able to understand and control cell-ECM interactions, it is important to 
mimic the environment a cell encounters in vivo. Artificial topographic substrates are 
often used to elucidate how cells respond to topographic variations in their 
surrounding. Many cell types respond to surface roughness (den Braber et al., 1996) 
and alter their shape, orientation, and polarity of movement to align with features of the 
substratum in a process termed contact guidance (Oakley et al., 1997). This 
phenomenon is well documented, especially as a reaction to grooved topographs 
(Dalby et al., 2003). Similarly, the migration of epithelial tissue sheets is enhanced 
along micrometer-sized grooves, while migration across the microgrooves is inhibited 
(Dalton et al., 2001). Thus, surfaces microgrooves have the potential to direct the 
migration of cells (Dalton et al., 2001). Besides grooves, other features have been 
found to induce contact guidance, including micro-islands in polystyrene substrata 
(Dalby et al., 2002), three-dimensional patterns in grooved quartz surfaces (den Braber 
et al., 1996), microcontact-printed ECM protein patterns (Lehnert et al., 2004) and 
surfaces micropatterned with bioactive peptides (Matsuzawa et al., 1996). By using 
advanced electron beam lithographic techniques (Brack et al., 2004), polymer demixing 
(Dalby et al., 2004), or dip-pen nanolithography (Demers et al., 2002), the size of 
topographic features has been reduced to a few tens of nanometers. It was shown that 
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cells respond strongly to these nanopatterned substrata. Fibroblasts and epithelial cells 
react to groove depths as shallow as 70 nm (Curtis and Wilkinson, 1997), whereas 
topographical features as small as 30 to 40 nm guide macrophages (Wojciak-Stothard 
et al., 1996). 
The interactions of cells with their surrounding substratum are commonly 
studied either on non-biological polymeric matrices with regions of varying stiffness or 
non-biological anisotropic matrices, both of which are coated with ECM proteins to 
enable specific binding of cells. Here, ECM proteins serve as linkers between cells and 
the polymeric substrate, thereby masking the intrinsic mechanical properties of the 
ECM proteins. However, in the context of a biological tissue, cells respond to and are 
guided by physical cues presented by ECM proteins. Consequently, model systems 
that emulate structures found in tissues are needed. 
To tackle this problem, a method for creating ultrathin nanoscopic collagen type 
I matrices on non-biological surfaces was developed in our research group (Cisneros 
et al., 2007; Cisneros et al., 2006; Jiang et al., 2004a; Jiang et al., 2004b). The self-
assembled collagen can be directed to form highly oriented arrays of ribbon-like 
structures that coat the entire support. High-resolution atomic force microscopy (AFM) 
analysis showed that on the nanoscale individual collagen fibrils within the arrays are 
almost perfectly ordered. By varying the pH and electrolyte compositions of the buffer 
solution during the self-assembly process the spacing between the collagen microfibrils 
can be adjusted precisely in the range of several micrometers. Under certain 
electrolyte conditions the microfibrils display the characteristic collagen D-periodicity of 
around 67 nm. Small modifications to the preparation process completely abolish the 
D-banding pattern, although microfibrils continue to align in highly ordered parallel 
arrays. 
Similar to these substrates, the ECM in tissues such as bone, tendon and 
cornea contains ordered, parallel arrays of collagen type I fibrils. Cells embedded in 
these matrices frequently co-align with the collagen fibrils, suggesting that ordered 
fibrils provide structural or signaling cues for cell polarization. Using the collagen 
matrices developed in our lab, we studied mechanisms of matrix-induced cell 
alignment. Primary mouse fibroblasts and HeLa cells aligned parallel to the orientation 
of D-periodic collagen fibers and polarized strongly. Time-lapse analysis demonstrated 
that the cells migrate directionally along the orientation of the collagen microfibrils. 
Thus, the collagen matrices are able to direct cellular behaviour in a controlled way. 
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Surprisingly, cells seeded on aligned, but non-D-periodic collagen polarize less well 
and do not show directional migration (Poole et al., 2005). 
In the fourth chapter of this thesis I further characterized the interaction of 
different cell lines with these collagen-I matrices. Cell-ECM interactions are mediated 
by numerous adhesion receptors, of which integrins are the most prominent. Integrins 
are transmembrane proteins with a large extracellular domain and a small intracellular 
domain (see 2.1.1). In search of integrin receptors mediating cell polarization on these 
matrices, collagen-binding integrin !2"1 was identified to be essential. Human 
osteoblast-like cells and chinese hamster ovarian cells expressing integrin !2"1 
polarized strongly along collagen fibrils, while cells lacking this integrin attached to the 
substrate but did not polarize. Using AFM imaging, I revealed that the structural and 
mechanical anisotropy of D-periodic collagen matrices allowed cells to bundle collagen 
fibrils into large fibers. The bundling favored the development of unidirectional traction 
along the fibers and led to cell polarization. The reduced mechanical strength of non-
periodic collagen fibrils prevented cells from aligning on the matrix. Conversely, 
rendering the mechanical strength of the matrix uniform, prevented cell polarization in a 
preferred direction. These results suggested that mechanical cues within collagen 
matrices contribute significantly to the mechanisms of cell alignment. Time-lapse AFM 
imaging allowed collagen matrix remodeling to be tracked at high spatial resolution, 
and revealed insights into the mechanism of collagen fibril bundling. 
Insight into mechanical interactions between cells and their environment has 
been gained using different artificial cell culture substrates. Evidence that motile cells 
exert compressive forces on culture substrates was supplied by the observation that 
fibroblasts introduce wrinkles into thin silicone rubber film substrates (Harris et al., 
1980). Based on the stiffness of the substrate and the length of the wrinkles, the forces 
exerted by cells can be estimated with sensitivity in the order of nanonewton (Beningo 
et al., 2002). The wrinkling substrate method was improved to detect local 
deformations by embedding beads into the substrate and by fixing the edges of the 
substrate to a rigid support (Oliver et al., 1998). Other studies demonstrated dynamic 
deformations of various substrates as the result of cellular forces and how these forces 
change with cell shape, during cytokinesis and cell migration (Burton and Taylor, 1997; 
Lee et al., 1994). 
Although these methods have been proven important in the understanding of 
mechanical interactions of cells with their surrounding, they do not provide information 
about the adhesion strength of cells with substrates. Methods for examining cell 
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adhesion strength generally focus on measuring the ability of cells to remain attached 
when exposed to a detachment force. The most common adhesion assay, the washing 
assay, relies on seeding of cells onto substrates of interest, washing off “non-adherent” 
cells with physiological buffers, and counting the remaining cells (Klebe, 1974). 
Washing assays have enabled the identification of key adhesion components and 
generated invaluable insights into mechanisms regulating adhesion (Amano et al., 
1997; Ridley and Hall, 1992; Sieg et al., 2000). However, these assays are not truly 
reproducible and quantitative since they do not provide direct measurements of 
adhesion strength. Several semi-quantitative adhesion assays have been developed to 
apply controlled shear stress to adherent cells. In flow chamber assays shear stress is 
applied to cells by a homogenous buffer flow (Kaplanski et al., 1993). In centrifugation 
adhesion assays, both controlled centrifugal forces and shear flow generated by the 
rotation are applied to cells (Garcia et al., 1997). Both assays are reported to provide 
reproducible and controllable results. However, these techniques have limitations since 
the resistance of cells to detachment by flow and centrifugal forces depends not only 
on the number, distribution and strength of the adhesion bonds formed, but also the 
spread area and surface topography of these cells. Therefore the adhesive strength 
can only be estimated. 
To quantitatively determine the interaction forces of cells with proteins of the 
ECM, sensitive single-cell techniques are used. Single-cell assays allow interaction 
forces and kinetics to be measured under very controlled parameters down to the 
contribution of single molecules. In micropipette manipulation assays a single cell, held 
through suction pressure at the tip of a micropipette, is brought into contact with an 
adhesive surface and subsequently retracted to measure adhesive forces. Several 
micropipette-based experimental techniques that operate both at cellular and molecular 
levels have been developed including the step pressure technique (Sung et al., 1986), 
the biomembrane force-probe (Evans et al., 1995) and the micropipette aspiration 
technique (Evans et al., 1976). These methods were applied to study membrane tether 
formation from single cells, surface receptor expression and single molecule or bond 
dynamics (Shao et al., 2004). Optical tweezers, which trap nano- or micrometre sized 
particles in the center of a laser focus, have been employed to measure the interaction 
of cells with adhesive substrates (Thoumine et al., 2000). Optical tweezer studies 
demonstrated the reinforcement of cytoskeletal linkages upon force application at 
integrin binding sites, showing that integrin contacts play a role in cellular 
mechanosensing (Choquet et al., 1997). Although optical tweezers can in principle be 
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employed to study cell-substrate interactions, their application is restricted because of 
the difficulty to measure forces higher than 100 to 200 pN. 
AFM in the force spectroscopy mode is the most versatile method to study cell-
ECM interactions (Helenius et al., 2008; Ludwig et al., 2008). One advantage of the 
AFM-based single-cell force spectroscopy (SCFS) approach is that it allows the largest 
range of forces, from !5 pN to about 100 nN, to be measured (Helenius et al., 2008). In 
SCFS a cell attached to an AFM cantilever is positioned above the substrate. The cell 
is pressed onto the surface until a preset contact force is reached and kept constant for 
a defined contact time. Subsequently, the cell is withdrawn at a constant speed. Bonds 
between cell and surface break sequentially until cell and surface are completely 
separated (see 2.1.3.3).  
The described setup is frequently applied to study cell-ECM interactions. Puech 
et al. identified key proteins regulating the differential adhesive behavior of zebrafish 
mesendodermal progenitor cells to fibronectin, thereby providing insight into germ layer 
formation and separation (Puech et al., 2005). In another study, SCFS was applied to 
characterize integrin !2"1-mediated adhesion to collagen-I substrates. Due to the high 
force resolution of the setup, single molecule interactions as well as the formation of 
higher-order adhesion structures could be resolved (Taubenberger et al., 2007). 
Furthermore, the effect of an integrin activating molecule on the interaction between 
integrin !2"1 and collagen-I was studied. It was shown, that the activator increases 
integrin avidity and strengthens integrin-cytoskeletal linkages (Tulla et al., 2008). The 
interaction of integrin "1-subunit containing integrins with ECM proteins was found to 
be important in chronic myeloid leukemia cells (Fierro et al., 2008). These studies were 
possible because of methodological advances in the SCFS setup. The extension of the 
vertical pulling range of the AFM compensated for the large cell deformations 
frequently observed during cell-surface unbinding events (Puech et al., 2006). 
SCFS is also performed in an upside-down configuration were adherent tissue 
culture cells are probed with ECM protein-functionalized AFM cantilevers. Using this 
setup, integrin-mediated mechanotransduction was studied in vascular smooth muscle 
cells. Fibronectin-coated beads were brought in contact with these cells, inducing the 
formation of focal adhesions in the contact zone. Upward pulling forces applied to the 
bead-fibronectin contact site resulted in myogenic-like, force generating reactions. 
When other ECM proteins were applied, cells failed to induce micromechanical events 
(Sun et al., 2008). In another study, integrin-mediated interactions of osteoblasts with 
different ligands containing the RGD-sequence, a major binding motif for several 
integrin receptors, were characterized. It could be shown that the binding strength of 
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integrins to the different ligands not only depends on the presence of the RGD motif, 
but also on the context of the sequence within a protein (Lehenkari and Horton, 1999). 
AFM in the force spectroscopy mode is frequently applied to study the 
interaction of isolated receptors with ECM proteins, i.e. the binding of purified integrin 
!5"1 to the cell adhesion domain of fibronectin was characterized to gain mechanistic 
insight in collective and single molecule interactions (Kokkoli et al., 2004). In another 
study, the regulation of hemostasis and thrombosis was explored by AFM studies on 
the interaction between fibrinogen and integrin !IIb"3 (Lee and Marchant, 2003). There 
are many more examples on these types of experiment (for a review refer to Horton et 
al., 2002). 
Since the SCFS setup had been proven valuable for the study of cell-ECM 
interactions, I implemented it to study the contributions of galectins in the interactions 
of epithelial cells with ECM proteins. The results of this study are presented in the 
second chapter of this thesis. Galectins are a family of lectins that have affinity for !-
galactosides (see 2.1.2). Several members have been shown to modulate cell 
adhesion directly or indirectly, by affecting the function of integrins. I employed SCFS, 
standard adhesion assays, inhibitors and RNA interference to examine the contribution 
of integrins and galectins to both early (<2 min) and long-term (90 min) adhesion of 
cells to different ECM components. It was found that galectins-3 and -9 were required 
for optimal long-term cell-adhesion to both collagen-I and laminin-111. While 
dependent on carbohydrate-mediated interactions and galectins-3 and -9, early 
adhesion to laminin was integrin-independent. In addition, the role of galectin-3 in early 
adhesion of MDCK cells to various ECM constituents was analyzed. Reducing galectin-
3 expression did not alter early adhesion to fibronectin or laminin-332. However, on 
collagen-I and -IV galectin-3 knockdown cells had an elevated probability of entering 
an enhanced adhesion state. This adhesion state was dependent on integrin !2"1 and 
characterized by a significant increase in the force required for cell detachment. It was 
deduced that galectin-3 influences !2"1-mediated adhesion to regulate cooperative 
receptor binding. 
Integrins are the main cellular receptors for binding to ECM components. 
Besides transmitting signals through the membrane, integrins have been shown to 
mutually influence each other’s functions in a process termed, integrin crosstalk. To 
study integrin crosstalk, the SCFS setup was modified. The adhesion of cells attached 
to an AFM cantilever coated with one type of ECM protein was probed to supports 
coated with another type of ECM protein, thereby enabling the engagement of two 
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integrin types. Using this setup, a novel crosstalk between integrin !1"1 and integrin 
!5"1 was identified. Experimental data allowed changes in integrin affinity or avidity as 
well as modified plasma membrane–cytoskeletal coupling to be excluded as cause for 
the crosstalk while indicating that induced endocytosis of integrin !5"1 is the regulatory 
mechanism. The detailed results of this project are presented in the third chapter of this 
thesis. 
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Chapter 2 
2CHARACTERIZING THE DIRECT AND INDIRECT IMPACT OF 
GALECTINS ON CELL-ECM ADHESION 
2.1 Introduction 
The ECM is a dense mesh formed by cell-secreted protein fibers. In tissues it serves 
as a supporting scaffold for cells. The adhesion of cells to the ECM is essential for 
various physiological and pathological processes. Cell-ECM interactions are mediated 
by numerous adhesion receptors. Following initial adhesion to the ECM, adhesion 
receptors cluster and proteins are recruited to the newly formed contact sites, forming 
focal complexes, focal adhesions or fibrillar adhesions. The formation of cytoplasmic 
protein assemblies anchors the adhesion complexes to the actin cytoskeleton and 
activates intracellular signaling cascades that control cellular responses (Burridge and 
Chrzanowska-Wodnicka, 1996; Geiger and Bershadsky, 2001; Zaidel-Bar et al., 2004). 
Although this regulation is complex, two main types, protein-protein- and protein-
carbohydrate-interactions mediate specific adhesion. Integrins (see 2.1.1) have been 
implicated in the former, galectins (see 2.1.2) in the latter category. 
2.1.1 The integrin family 
Integrins are type I transmembrane glycoproteins that received their name due to their 
importance in the structural integrity of cells and tissues as well as to indicate their role 
as an integral membrane complex connecting the exterior protein network with the cells 
interior cytoskeletal network (Horwitz, 1997). Integrin receptors form from one !- and 
one "-subunit. Today, 18 !- and 8 "-subunits forming 24 known receptors have been 
identified in mammals (Figure 2-1). Depending on their subunit composition and ligand 
specificity integrins are classified into subfamilies. Except from integrin !V"1, all "1-
subunit-containing integrins form one subfamily (Table 3-1). They are widely expressed 
and mediate cell adhesion to ECM proteins. Integrins containing "2- and "7-subunits 
are expressed on blood cells and mediate cell-cell interactions with e.g. ICAM-s and E-
cadherin (Table 3-1). All integrins in the last subfamily contain the !V-subunit and 
recognize an RGD-motif found in a broad range of ligands. Integrin !IIb"3 in platelets 
and integrin !6"4 in keratinocytes do not fall into the three mentioned subfamilies 
(Table 3-1). 
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2.1.1.1 Integrin structure 
Integrin receptors form through dimerisation of an !- and a "-subunit. Each receptor 
subunit consists of a large extracellular domain that participates in ligand binding and a 
short cytoplasmic domain interacting with cytoskeletal and signaling proteins. 
Extracellular and cytoplasmic domain are linked by a single transmembrane domain 
(Figure 2-2A). Present knowledge about the structure of the integrin transmembrane 
domains and their contribution to integrin signaling is very limited. 
 
 
Figure 2-1. The integrin family of cell surface receptors. Known !"-heterodimers are 
indicated by lines. I-domain containing !-subunits are shown in dark grey, non-I-domain 
containing !-subunits in light grey circles. Adapted from (Hynes, 2002). 
 
 The extracellular domain of the !-subunits contains seven homologues repeats 
(I-VII), which have been proposed to fold cooperatively into a single domain known as 
the "-propeller (Springer, 1997). In addition, nine !-subunits (!1, !2, !10, !11, !L, !M, !X, 
!D, and !E) contain a domain of about 180 amino acids, termed the I-domain (inserted). 
The I-domains are inserted between the homologues repeat domains II and III of the "-
propeller (Humphries, 2000). I-domains contain a metal ion-dependent adhesion site 
(MIDAS) that participates in integrin ligand binding (Tuckwell et al., 1996; Xie et al., 
1995). Integrin !-subunits contain a highly conserved domain in their N-terminal part. 
As part of their ligand-binding pocket this domain also contains a MIDAS motif (Lin et 
al., 1997; Tozer et al., 1996). Due to its structural similarity to the I-domain of the "-
subunit, this domain is a putative "-subunit I-domain. Thus, both subunits contribute to 
the formation of the ligand-binding pocket, but the !-subunit is likely to play a more 
important role in determining the binding selectivity. The binding of integrins to a ligand 
Chapter 2                    Galectins in Cell Adhesion 
 10 
requires the presence of divalent cations. Physiological concentrations of Mn2+ and 
Mg2+ contribute to the binding affinity while Ca2+ inhibits ligand binding (Gailit and 
Ruoslahti, 1988). 
 The cytoplasmic tails of integrin !- and "-subunits participate in intracellular 
signaling by recruiting structural and adapter proteins that link integrins to intracellular 
signaling cascades (Harburger and Calderwood, 2009). Through the interaction of 
specific intracellular proteins, the cytoplasmic domains regulate the conformation of the 
extracellular domain and thereby the activity state of the integrin. The cytoplasmic 
domains of !-subunits differ both in length and amino acid sequence. However, each 
!-subunit is highly conserved among different species, indicating that !-subunit 
cytoplasmic domains are important for integrin functions (Hynes, 1992; Sastry and 
Horwitz, 1993). In contrast, the cytoplasmic tails of six out of eight "-subunits show a 
considerable degree of homology in length and amino acid composition. Four patches 
within the "-subunit cytoplasmic domain are recognized for their central influence on 
integrin function. They have been implicated in localization of integrins to focal 
adhesions and affect their signaling and ligand binding ability. 
2.1.1.2 Integrin signaling 
While cell-cell and cell-ECM adhesions are mediated by the ligand interactions of the 
extracellular domains of integrins, the cellular responses, such as cell migration, 
require the integrins intracellular domains. Integrins cytoplasmic tails bind to cytosolic 
proteins and provide a link between the extracellular environment and the cytoskeleton 
(Critchley, 2000). Thereby, integrins constitute a transmembrane connection for the 
bidirectional transmission of mechanical forces and biochemical signals (Calderwood, 
2004). 
2.1.1.3 Inside-out signaling 
Modulation of both adhesion strength and biochemical signals across the plasma 
membrane is achieved by affinity-regulation of integrins for ECM ligands, referred to as 
“inside-out signaling“ (Figure 2-2B). Inside-out signaling is accomplished when signals 
received from other cell surface receptors, such as G protein-coupled receptors, are 
transmitted from the integrin cytoplasmic face to the extracellular domain, thereby 
modulating the affinity of the receptors for ligands (Hynes, 2002). Affinity-regulation is 
achieved via conformational changes in the extracellular domain. In 2001, high-
resolution data of the crystal structure of integrin !V"3 extracellular segment was 
presented (Xiong et al., 2001). Studies by electron microscopy and NMR proposed a 
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bent extracellular conformation of the inactive integrin with a switchblade-like opening 
motion extending the integrin to an up-right active conformation (Beglova et al., 2002; 
Takagi et al., 2002). Inside-out signaling not only prevents the unregulated adhesion of 
cells, but also provides the capability for strong adhesion at specific locations. In 
addition to affinity modulation, a number of affinity-independent mechanisms contribute 
to the regulation of integrin-mediated adhesion. These include integrin clustering, 
lateral diffusion of integrins, interactions with and reorganization of the cytoskeleton, 
and changes in receptor expression patterns (Calderwood, 2004). 
 
 
Figure 2-2. Structure and function of integrins. (A) Integrins are heterodimeric 
transmembrane proteins build from two distinct !- and "-subunits. Each subunit consists of a 
large extracellular domain and a short cytoplasmic domain, connected by a transmembrane 
domain. (B) Inside-out signaling: Upon intracellular signals (e.g. binding of the adaptor protein 
talin to the intracellular domain), integrins undergo a conformational change from a bend 
(inactive) to a straight (active) conformation. Subsequently, ECM ligands bind to the 
extracellular domain. Integrin clustering further enhances the integrin-mediated connection 
between cell and ECM. (C) Outside-in signaling: Upon ligand binding to the extracellular 
domains of integrins, diverse sets of adaptor proteins associate with the cytoplasmic domain, 
thereby linking integrins with the cytoskeleton, kinases, or growth factors. Subsequently, 
signaling pathways are activated regulating migration, adhesion, gene expression, cell 
differentiation, etc. (image adapted from www.the-scientist.com). 
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2.1.1.4 Outside-in signaling 
The binding of external ligands to integrins can transmit signals into cells - a process 
referred to as “outside-in signaling” (Figure 2-2C; Schwartz et al., 1995). Outside-in 
signaling can result in the reorganization of the cytoskeleton, gene expression, and cell 
differentiation (Liu et al., 2000). As the cytoplasmic tails of integrins are incapable of 
enzymatic activity, outside-in signal transduction is achieved by the association of 
integrins with adaptor proteins. These proteins mechanically link integrins with the 
cytoskeleton, kinases, and/or transmembrane growth factor receptor-mediated 
signaling pathways (Liu et al., 2000). Additionally, outside-in signaling, and the 
subsequent association with cytoskeletal components, creates a positive feedback 
loop: integrins binding the ECM become clustered in the plane of the membrane. 
Integrins then recruit both cytoskeletal and signaling molecules to form a complex that 
promotes the assembly of actin filaments. These actin filaments reorganize into larger 
stress fibers that enhance integrin clustering, which in turn increases ECM binding 
(Giancotti and Ruoslahti, 1999). As a result of this feedback system, ECM proteins, 
integrins, and cytoskeletal proteins aggregate on both the extracellular and intracellular 
sides of the membrane. These aggregates are referred to as focal adhesions 
(Fernandez-Valle et al., 1998). 
2.1.2 The galectin family 
Galectins are a family of lectins, characterized by a common carbohydrate recognition 
domain (CRD) and affinity for !-galactosides. They are widely distributed in vertebrates 
and invertebrates; including nematodes, insects, sponges and fungi (Elola et al., 2007). 
They are not only found in the cytoplasm, in the nucleus and along the cell cortex, but 
also extracellularly, as they can be secreted via a non-classical pathway (Hughes, 
1999). Due to their diverse distribution, galectins have been implicated in a variety of 
biological processes; including development, differentiation, morphogenesis, tumor 
metastasis, apoptosis and RNA splicing (Hughes, 2004). Unfortunately, relatively little 
is known about the mechanisms by which galectins influence these processes. 
 There are about 15 galectins, some, such as galectin-1, -3, -8 and -9 are widely 
distributed in many cell types, whereas others like galectin-2, -4 and -7, have a much 
more restricted distribution (Cooper and Barondes, 1999; Kasai and Hirabayashi, 1996; 
Perillo et al., 1998). Galectins are classified into proto-, chimera-, and tandem-repeat 
types. Prototype galectins contain one CRD and exist either as monomers or non-
covalent homodimers, raising the possibility to crosslink similar glycoconjugates. 
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Tandem repeat galectins feature two distinct CRDs. Since the specificity and binding 
strength of the two binding sites are not necessarily the same, they can form bridges 
between glycoconjugates of different types. Galectin-3 is the only chimeric galectin 
(Figure 2-3; Leffler et al., 2004). 
 
 
Figure 2-3. The galectin family. The prototype galectins contain a single CRD that forms two-
fold symmetric homodimers. Thus, under normal conditions these lectins are bivalent 
molecules. The tandem repeat galectins are constitutively dimeric in having two homologous 
CRD domains separated by a linker region. Galectin-3, the sole chimeric galectin has a large, 
flexible N-terminal domain of about 110-130 residues. Galectin-3 is monomeric at moderate 
concentrations. However, at higher concentrations monomeric Galectin-3 can form higher order 
structures (image adapted from www.gak.co.jp). 
 
2.1.2.1 Structure of galecin-3 
Galectin-3 consists of three distinct structural domains: a short N-terminal leader 
domain of 12 amino acids that controls its cellular compartmentalization; a repetitive 
collagen-like linker domain, that is a substrate for matrix metalloproteinases (Brooks et 
al., 1996; Ochieng et al., 1998a) and the globular C-terminal CRD domain (Figure 2-3; 
(Barboni et al., 1999). The galectin-3 CRD consists of approximately 125 amino acid 
residues arranged in a 12 !-strand sandwich. The !-sandwich is slightly bent, forming 
a groove (Figure 2-4). This groove forms the carbohydrate recognition site with 5 
subsites (Figure 2-4A-E; Huflejt and Leffler, 2004). Subsite C is the defining conserved 
binding site of galectin CRDs, and gives them their shared specificity for !-galactose 
residues. The other subsites determine the fine specificity for larger saccharides. The 
N-terminal domain of galectin-3 is flexible with little secondary structure (Hsu et al., 
1992), but participates in galectin-3’s biological functions. The linker domain consists of 
repeats of 7-10 amino acid. The number of repeats varies with species (Barondes et 
al., 1994).  
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2.1.2.2 Intracellular functions of galectin-3 
The intracellular localization of galectin-3 is well documented and depends on various 
factors such as cell type, proliferation status of the cell and cultivation conditions 
(Hamann et al., 1991; Hubert et al., 1995; Moutsatsos et al., 1986; Moutsatsos et al., 
1987; Openo et al., 2000). Numerous cytosolic molecules were identified as galectin-3 
ligands. Their diverse biological roles imply the involvement of galectin-3 in various 
intracellular events. The first cytosolic molecule identified as a galectin-3 ligand in vivo 
was Bcl-2, a molecule involved in regulation of apoptosis (Yang et al., 1996). It was 
suggested that galectin-3 binds Bcl-2 through its carbohydrate-recognition domain, 
since the interaction is inhibited by lactose. Other molecules involved in apoptotic 
signaling pathways have been identified as galectin-3 binding-partners, including 
CD95, a member of the death receptor family (Fukumori et al., 2004); nucling, a protein 
involved in regulation of apoptosis (Liu et al., 2004) and Alix/AIP1, a cytosolic protein 
involved in regulation of apoptotic events (Liu et al., 2002). The involvement of 
galectin-3 in regulation of cell proliferation, differentiation, survival, and death was 
confirmed by the finding that it affects key proteins in these pathways (Elad-Sfadia et 
al., 2004; Lee et al., 2003). Galectin-3 has also been identified in the nucleus although 
it lacks a nuclear localization signal and the mechanism by which the protein is 
sequestered in the nuclei is unknown (Gong et al., 1999). In contrast, the export from 
the nucleus was elucidated (Tsay et al., 1999). In the nucleus galectin-3 was shown to 
be associated with ribonucleoprotein complexes (Laing and Wang, 1988). It acts as a 
pre-mRNA splicing factor and is involved in spliceosome assembly (Dagher et al., 
1995). Recently, galectin-3 was also implicated in regulation of gene transcription (Lin 
et al., 2002). 
 
Figure 2-4. Molecular model of the galectin-
3 CRD with bound LacNAc. The protein is 
shown as a solvent accessible surface, 
rendered semitransparent to show inside 
residues in wire format. The bound sugar is 
shown in stick model with the Gal residue 
white and the GlcNAc black. The localization 
of binding subsites are indicated by A-E 
(adapted from Seetharaman et al., 1998). 
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2.1.2.3 Secretion of galectin-3 
Galectin-3 is synthesized on free ribosomes in the cytoplasm and lacks a signal 
sequence for translocation into the endoplasmic reticulum (ER; Hughes, 1999). 
However, galectin-3 is found in the extracellular space, secreted by a novel, 
incompletely understood mechanism called ectocytosis. This process is independent of 
the classical secretory pathway through the ER and Golgi system (Hughes, 1999; 
Nickel, 2003; Sato et al., 1993; Sato and Hughes, 1994). The first step in galectin-3 
secretion is its accumulation at the cytoplasmic side of the plasma membrane. It has 
been suggested that the transfer of the protein to plasma membrane domains is 
mediated through heat shock proteins and other molecular chaperones (Mehul and 
Hughes, 1997; Sato et al., 1993). In the next step, galectin-3 is pinching off from 
evaginating membrane domains followed by the release of extracellular vesicles in 
which galectin-3 is protected against proteolysis. The vesicles are stable and 
morphologically heterogeneous, having diameter of up to 0.5 !m. Breakdown of the 
vesicles requires additional factors that still need to be identified (Mehul and Hughes, 
1997). 
2.1.2.4 Extracellular functions of galectin-3 
Extracellular galectin-3 exhibits numerous functions. It mediates cell adhesion and cell 
activation and acts as chemoattractant for certain cell types. Galectin-3 affects various 
biological processes such as maintenance of cellular homeostasis, immune reactions, 
organogenesis and angiogenesis, as well as tumor invasion and metastasis (Hsu and 
Liu, 2004; Liu, 2005; Liu and Rabinovich, 2005; Ochieng et al., 2004; Takenaka et al., 
2004; van den Brule et al., 2004). 
2.1.2.5 Extracellular receptors for galectin-3 and modulation of cell adhesion 
On the cell surface, galectin-3 interacts with a growing number of ligands, some of 
which are summarized in Table 2-1. Galectin-3 binds to the molecules either in its 
monovalent or at high concentration in its multivalent form (Barondes et al., 1994). 
Galectin-3 was shown to bind laminin (Kuwabara and Liu, 1996; Massa et al., 1993; 
van den Brule et al., 1995), fibronectin (Sato and Hughes, 1992), hensin (Hikita et al., 
2000a), elastin (Ochieng et al., 1999) and collagen-IV (Ochieng et al., 1998b). In 
neuronal tissues, galectin-3 binds to myelin-associated glycoprotein, tenascin, cell 
recognition molecule L1 and neural cell adhesion molecule (Probstmeier et al., 1995). 
In addition, galectin-3 binds certain integrins in a sugar-dependent manner. Integrin 
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!1"1 (Ochieng et al., 1998b) and the !-subunit of integrin !M"1 (Sarafian et al., 1998; 
Springer et al., 1979) were shown to be galectin-3 receptors.  
 
Table 2-1. Ligands of galectin-3 (Krzeslak and Lipinska, 2004; Ochieng et al., 2004) 
Ligands Function associated with galectin-3 binding
Laminin Modulates cell/ECM adhesion
Collagen IV Modulates cell/ECM adhesion
Fibronectin Modulates cell/ECM adhesion
Tenascin Modulates cell/ECM adhesion
Vitronectin Modulates cell/ECM adhesion
Hensin Maintains terminal differentiation of epithelial cells
Elastin Promotes adhesion of cells to elastin
Mac-2BP Promotes cell/cell and cell/ECM adhesion
Mucin Cell/cell and cell/ECM adhesion
Carcino-embrionic antigen Cell/cell and cell/ECM adhesion
Advanced glycosilation end Mediates endocytosis of AGE
products
CD66a/CD66b Induces activation NADH oxidase and adhesion
of cells to ECM
CD98 Induces uptake of extracellular Ca2+ and modulates
cell/ECM adhesion
!M/"2(CD11b/18) Modulates cell/ECM adhesion
!1/"1 Modulates cell/ECM adhesion
N-CAM Modulates cell/ECM adhesion
Lamp-1, Lamp-2 Modulates cell/cell, cell/ECM adhesion
CD4+/CD8+ Inhibits apoptosis and modulates cell/ECM adhesion
FcgRII Downregulates of IL-5 gene expression
NCA-160 Induces an oxidative burst in neutrophils
IgE Triggers degranulation and serotonin release
Lipopolysaccharides Adhesion of pathogen organisms to host ECM and cells  
 
 Galectin-3 can inhibit or potentiate cell adhesion of different cell types to ECM 
proteins. It promotes adhesion of human neutrophils to laminin (Kuwabara and Liu, 
1996) and to endothelial cells (Sato et al., 2002b), and mediates binding of 
lymphocytes to dendritic cells (Swarte et al., 1998). Overexpression of galectin-3 
enhances the adherence of a human breast cancer cell line to laminin, fibronectin and 
vitronectin (Matarrese et al., 2000). In thymus, galectin-3 acts as a de-adhesion 
molecule, and disrupts cell-ECM interactions (Villa-Verde et al., 2002). The interactions 
of galectin-3 with some other glycoproteins, such as the lysosomal membrane 
glycoproteins Lamp-1 and -2 (Dong and Hughes, 1997), carcino-embryonic antigen 
(Ohannesian et al., 1995) and colon cancer mucin (Bresalier et al., 1996) were 
suggested to be involved in adhesion of cancer cells to extracellular matrix.  
2.1.2.6 Self-association of galectin-3 
Many of galectin-3’s biological activities have been attributed to the protein’s 
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multivalent binding of carbohydrate residues (Frigeri et al., 1993; Yamaoka et al., 
1995). Since galectin-3 possesses only a single CRD, the observed cross-linking 
behavior most likely results from the formation of dimers or higher order multimers. The 
agglutination activity of galectin-3 is abolished by deleting the N-terminal part of the 
molecule, suggesting that self-association occurs via this domain (Ochieng et al., 
1998a). Cooperative binding of galectin-3 to IgE (Hsu et al., 1992) and laminin (Massa 
et al., 1993) was abolished after the enzymatic digestion of its N-terminal domain. This 
proves that the N-terminal domain is critical for full-length galectin-3 to recruit soluble 
galectin-3 and to form di/oligomers. However, it was demonstrated that binding of 
radiolabeled galectin-3 to immobilized galectin-3 was inhibited by purified CRD, 
implying that in addition to the N-terminal domain, the CRD is involved in the self-
association (Kuklinski and Probstmeier, 1998). The di/oligomerization of galectin-3 was 
shown to play key roles in the cross-linking of surface glycoproteins that initiate signal 
transduction cascades (Liu et al., 1995; Yamaoka et al., 1995) and promote cell 
adhesion (Kuwabara and Liu, 1996; Lotan et al., 1994). Another study demonstrated 
that the direct cross-linking of neutrophils to the endothelium is partially dependent on 
galectin-3 di/oligomerization (Sato et al., 2002a). Although the mechanism of 
di/oligomerization of galectin-3 remains poorly understood, inhibition of oligomerization 
appears to be an attractive way to modulate galectin-3 function. Self-association of 
galectin-3 is involved in the metastatic migration of human breast carcinoma cells. 
Inhibiting the formation of the galectin-3 di/oligomer downregulated the metastatic 
potential of these tumor cells (Le Marer and Hughes, 1996). 
2.1.2.7 Structure, distribution and ligands of galecin-9 
Galectin-9 belongs to tandem-repeat type galectins. Galectin-9 is widely distributed in 
liver, small intestine, thymus, kidney, spleen, lung, cardiac and skeletal muscle 
(Hirashima et al., 2004). It was identified as a T cell derived eosinophil chemoattractant 
(Matsumoto et al., 1998). Galectin-9 activates eosinophils and influences eosinophil 
survival (Hirashima, 1999; Matsumoto et al., 2002; Saita et al., 2002). Galectin-9 
requires the divalent galactoside-binding activity but not its linker peptide to function. 
Frontal affinity chromatography analysis revealed that galectin-9 has affinity to 
branched N-glycans and repeated oligolactosamines, and exhibits particular 
preference for two glycolipidtype glycans, Forsmann pentasaccharide and A-
hexasaccharide, suggesting that these saccharides are associated with the specific 
activity of galectin-9 (Sato et al., 2002a). 
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In recent years, AFM has gained popularity in the biological sciences. In the next 
paragraphs I will shortly review the history, working principle of the AFM as well as 
working modes relevant for this thesis. 
2.1.3 Scanning probe microscope 
The history of Scanning probe microscopy (SPM) began in 1982 with the invention of 
the scanning tunneling microscope (STM; Binnig et al., 1982). STM proved to be 
capable of imaging metal and semiconductor surfaces with atomic resolution. The 
general idea of SPM is to monitor interactions between a small probe tip and a sample 
while sweeping the tip in close proximity across the sample surface.  Depending on the 
particular SPM technique, images represent topography, electronic structure, electric 
or magnetic fields or thermal gradients (Lillehei and Bottomley, 2000; Poggi et al., 
2004). SPM can be operated under ambient conditions in liquids or in high vacuum. 
Because of this versatility, SPM techniques are extensively employed in the fields of 
experimental physics (Ecke et al., 2001), chemistry (Gewirth and Niece, 1997), 
materials science (Garcia and Perez, 2002) and biology (Hansma et al., 1997). 
2.1.3.1 Atomic force microscope 
Of the SPM variants developed, AFM is the most prominent and widely applied. AFM 
has a wide spectrum of applications in physics, biology and material sciences. AFM 
was invented in 1986 (Binnig et al., 1986) and consists of three major components 
(Figure 2-5A); a force transducer, an optical detection system and a piezoelectric 
element. The force transducer is a cantilever that has an atomically sharp tip at its end 
(Figure 2-5B). The deflection of the cantilever is recorded by the optical detection 
system that includes a laser source, and a two- or four-sector photodiode. Changes in 
the voltage from different sectors of the photodiode are used to determine the force 
exerted on the cantilever. A feedback loop actuates the piezoelectric element to control 
the force acting on or exerted by the cantilever by modulating either the sample or the 
cantilever position. AFM is usually applied to image the topography of surfaces. 
2.1.3.2 AFM imaging 
AFM can be operated in three basic types of imaging modes: contact mode, non-
contact mode and tapping mode. 
 In contact mode (Binnig et al., 1986), the AFM tip makes physical contact with 
the sample. As the piezoelectric element traces the tip across the sample, the contact 
force causes the cantilever to deflect to accommodate changes in topography (Quate, 
1994). In the standard constant force mode, a feedback system maintains the 
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cantilever deflection at a constant level. The distance the scanner moves vertically at 
each point is stored to form a topographic image (also called the height image) of the 
sample surface. Although contact mode imaging facilitated many pioneering AFM 
applications, it suffers from several drawbacks. The downward force of the tip can 
damage biological and polymer surfaces. When operated in ambient conditions, the 
force exerted on the sample surface can often not be maintained in the desired range. 
The main reason for this is that in the typical ambient environment, surfaces are 
covered by adsorbed water vapor, hydrocarbons and/or other contaminants. When the 
tip comes into close proximity of the surface, capillary forces pull the AFM tip towards 
the surface. This increases the normal and lateral forces when scanning in contact 
mode. Imaging in vacuum or fluid can circumvent this drawback. 
 In non-contact mode, the tip is moved 5-15 nm above the sample surface, 
detecting attractive Van der Waals forces that act between the tip and the sample 
surface. The cantilever is oscillated at a frequency slightly above its resonant 
frequency with an amplitude of a few nanometer. The resonant frequency is decreased 
by Van der Waals forces and by other long-range forces, thereby decreasing the 
amplitude of the oscillation. The feedback loop maintains a constant oscillation 
 
 
Figure 2-5. Atomic force microscope. (A) Schematic setup of an atomic force microscope. 
A sharp tip mounted on a flexible cantilever interacts with the surface. The cantilever deflects 
upon topographical features deviating a laser beam. The laser’s deflection is detected by a 
photodiode. The signal is then transmitted to a feedback mechanism that maintains the 
interaction force between the tip and the sample constant (Schematic adapted from 
www3.physik.uni-greifswald.de). (B) SEM images of V-shaped cantilevers with pyramidal tips 
most commonly used for imaging purposes (Cantilever images from www.veecoprobes.com). 
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amplitude or frequency by moving the scanner vertically. The distance that the scanner 
moves vertically at each point is used to construct a height image. In this mode, no 
force is exerted on the sample surface. However, the lateral resolution is relatively low. 
 Tapping mode imaging allows topographic imaging of sample surfaces that are 
easily damaged or loosely attached to a substrate and thereby difficult to image by 
other AFM techniques. In this mode, the cantilever is oscillated at or near its resonant 
frequency. The tip lightly touches the sample surface at the bottom of each amplitude. 
The feedback loop maintains constant oscillation amplitude by vertically moving the 
scanner at each point. These vertical positions are used to form a topographic image of 
the sample. 
2.1.3.3 Force spectroscopy 
The capability to measure forces from 5 pN to 100 nN makes AFM force spectroscopy 
one of the most promising tools for biological applications. Unbinding forces involved in 
recognition phenomena e.g. substrate-enzyme, protein-protein, protein-cell, or cell-cell 
interactions can be precisely determined with this technique (Evans et al., 2001; 
Hinterdorfer et al., 1996; Li et al., 2003; Zhang et al., 2002). 
 In force spectroscopy mode, the cantilever is moved towards the surface until a 
preset maximum deflection is reached. After a defined contact time, the cantilever is 
withdrawn to its starting position. The cantilever deflection, !x, induced by forces 
acting between the end of the AFM tip and the sample surface is recorded as a 
function of the relative sample or cantilever position set by the displacement of the 
piezoelectric scanner. The cantilever deflection, !x, can be converted into a force 
value according to Hooke’s law: F = kc
 
!x, where kc
 
is the cantilever spring constant. 
The obtained plot of force versus the relative sample position is denoted force-distance 
curve (F-D curve). F-D curves are composed of two parts (Figure 2-6): the approach 
and the retract part. When the AFM cantilever is far from the surface, forces acting 
between the probe and the surface are negligible (Figure 2-6, region A,G). Therefore, 
the cantilever does not bend. After the contact point, the AFM tip is in contact with the 
surface and starts to bend (Figure 2-6, region B) until a preset maximum value is 
reached (Figure 2-6, region C). After a defined contact time, the cantilever is withdrawn 
from the surface. During retraction the deflection of the cantilever decreases (Figure 
2-6, region C-D). When interactions between the AFM cantilever and the surface were 
established, attractive forces deflect the cantilever towards the surface (Figure 2-6, 
region E). When the cantilever spring constant exceeds the strength of the interactions, 
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the AFM probe detaches from the surface. At this moment, the cantilever returns 
abruptly to its initial position (Figure 2-6, region F). 
 
 
 
Figure 2-6. A typical F-D curve. 
Schematic representation of a F-
D curve with the corresponding 
stages in tip-sample interaction 
during the up-down movement of 
the piezoelectric transducer. For 
explanation see text. 
2.1.3.4 Single Cell Force Spectroscopy 
AFM-based SCFS allows the force required to separate a cell from its substrate to be 
measured using very controlled parameters (Helenius et al., 2008). The principle of 
SCFS is illustrated in Figure 2-7A. A cell attached to an AFM cantilever is positioned 
above the substrate. The cell is pressed onto the surface until a preset contact force is 
reached and kept stationary for a defined contact time. Subsequently, the cell is 
withdrawn at a constant speed. Bonds between cell and surface break sequentially 
until cell and surface are completely separated. During the approach and retraction 
process, the force acting on the cantilever, which is proportional to the cantilever 
deflection, is recorded in a F-D curve (Figure 2-7B). The retraction F-D curve is 
typically characterized by the maximum force required to separate the cell from the 
substrate referred to as the detachment force (FD). FD is followed by
 step-like events, 
which are either preceded (‘s’ events) or not preceded (‘t’ events) by a ramp-like 
increase in force. These unbinding events are attributed to the unbinding of adhesive 
units (individual or small aggregates of receptors) from the substrate. In the case of ‘s’ 
events, adhesive units are connected to the cell cortex, whereas for ‘t’ events adhesive 
units have been pulled away from the cortex at the tip of a membrane tether. From the 
approach F-D curve the contact stiffness (CS) can be extracted by fitting a line to the 
contact region. 
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Figure 2-7. Experimental SCFS setup. (A) SCFS - A cell is attached to a coated cantilever. To 
measure the force acting on the cantilever, the cantilever deflection is determined using a laser 
beam reflected by the back of the cantilever onto a multi-segment photodiode (PD). The 
cantilever-bound cell is lowered towards the substrate (1) until a preset force is reached (2). 
After a given contact time the cantilever is retracted from the substrate (3) while a force-distance 
(F-D) curve is recorded (4). (B) F-D curve showing steps (1), (2), (3), and (4) corresponding to 
those outlined in a. Several unbinding events can be observed (s, force steps; t, formation of 
membrane tethers; and FD, maximal detachment force). Contact stiffness (CS) was determined 
by fitting a line (red line) to the contact region of the approach curve. 
 
 
2.2 Experimental procedures 
2.2.1 Cell culture and transfection 
MDCK strain II cells were maintained in Earle’s MEM (EMEM) supplemented with 5% 
FCS (10% for Transwell filter (Corning Costar) and cyst cultures), 2 mM L-glutamine 
and 100 U/ml penicillin/100 µg/ml streptomycin (growth medium; all Invitrogen). MDCK 
cells expressing the myc-tagged galectin-9 were generated by retroviral transduction 
followed by hygromycin B (800 !g/ml, BD Biosciences) selection for 3 days. The 
resulting cells were grown for up to 20 passages. The Phoenix gag-pol retroviral 
packaging cell line (obtained from the ATCC with authorization by Garry Nolan, School 
of Medicine, Stanford University, Stanford, CA) was kept in high glucose DMEM 
(Invitrogen) containing L-glutamine, penicillin/streptomycin and 10% FCS. For 3-
dimensional (3-D) cell cultures, subconfluent MDCK cells were trypsinized and 
suspended to 5"106 cells/ml in PBS. Cells were pipetted into growth factor-reduced 
MatrigelTM (BD Biosciences) solution at 2"105 cells/ml and onto 24-well plates. After 
30-45 minutes at 37°C medium was added and the incubation was continued for 2-8 
days. Medium was replaced every 2-3 days. For transient transfections, 2!106 MDCK 
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cells per condition were trypsinized, washed with PBS and resuspended in 100 !l of 
Nucleofector solution T (Amaxa Biosystems). DNA (4 !g) was added and 
electroporation was performed using program G-16 on an Amaxa Nucleofector (Amaxa 
Biosystems). 
 Twelve hours prior to SCFS experiments growth medium was replaced with CO2-
independent medium (Invitrogen) supplemented with 1% FCS, L-glutamine, penicillin 
and streptomycin. For SCFS experiments, cells were washed with PBS, trypsinized, 
pelleted and resuspended into serum-free CO2-independent medium (measurement 
medium). Cells recovered for 15 minutes at 37°C under constant rotation. Antibodies 
AIIB2 (1:10 dilution of hybridoma supernatant), GoH3 (5 !g/ml) and IgG from rat serum 
(10 !g/ml) as well as RGD-peptides (100 !g/ml), RGE-peptides (100 !g/ml), full-length 
galectin-3 (4 !g/ml), galectin-3-CRD (4 !g/ml; corresponding to residues 114-250 of 
human galectin-3), lactose (50 mM) or EDTA (5 mM) were incubated together with 
cells on ice for 30 minutes prior to SCFS experiments. 
2.2.2 Antibodies and constructs 
The mouse monoclonal anti-myc antibody (9E10) was provided by D. Drechsel (Max 
Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany). The 
gp135/podocalyxin antibody cell line (3F2; Meder et al., 2005; Ojakian and 
Schwimmer, 1988) was provided by G. Ojakian (State University of New York 
Downstate Medical Center, Brooklyn, NY) and A. Müsch (Cornell University, Ithaca, 
NY). Rat monoclonal integrin !1 antibody (AIIB2) was provided by K. Matlin (University 
of Chicago, Chicago, IL). RGD-peptide (Sigma-Aldrich), RGE-peptides (Coring System 
Diagnostix GmbH), IgG from rat serum (Invitrogen), rat monoclonal galectin-3 (Mac-2, 
Cedarlane Laboratories LTD), rat monoclonal integrin "6 (GoH3, BD Bioscience), 
mouse monoclonal integrin "6 antibody (BD Biosciences), and FITC- and Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch Europe LTD) were 
purchased. 
 Hamster galectin-3 cDNA was a gift of Dr. R.C. Hughes (National Institute for 
Medical Research, London, UK). Canine galectin-9 cDNA was PCR amplified from a 
MDCK expressed sequence tag-library. Two variants (972 bp and 1068 bp), the latter 
having a 96 bp insertion in its linker domain were used. For the Gal9-6xmyc construct 
an XbaI site was added between N-terminal lectin and linker domains. Six myc-tags 
where inserted into this site and the Gal9-6xmyc fragment between BglII and XhoI 
restriction sites was subcloned into a BamHI/SalI-digested retroviral pBABE-hygro 
vector. 
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2.2.3 Retrovirus-mediated RNAi 
Target sequences (Gal3-KD-528: GCT GAT AAC AAT TCT GGG CAC, Gal9-KD-298: 
GAG CTC TGC TTC ATG GTG AAC, Gal9-KD-867: GGA TGG TGA GCA CCT GTT 
TGA) corresponding to the canine galectin-3 (528-548) and galectin-9 (298-318 and 
867-887) coding sequences were selected. Sequences were obtained from a MDCK 
EST-library. Annealed oligonucleotides (Table 2-2) were cloned into an RVH-1-puro 
retroviral vector and recombinant knockdown viruses were generated as described 
previously (Schuck et al., 2004). Subconfluent MDCK strain II cells were trypsinized 
and 5!105 cells in 3 ml of complete EMEM (5% FCS) supplemented with 4 !g/ml of 
hexadimethrine bromide (Polybrene, Sigma) were seeded onto a 3.5 cm diameter 
culture dish (Corning Costar). The following day, medium was aspirated and 1 ml virus-
containing precleared supernatant from Phoenix cells was added. Hexadimethrine 
bromide (4 !g/ml) was added to virus preparations. After one hour 1 ml of fresh 
complete EMEM (5% FCS) was added and the incubation was continued for 8-12 
hours. Infection was repeated 1-2 times before cells were trypsinized and re-seeded in 
EMEM containing 4 !g/ml of puromycin (BD Biosciences). Maximum knockdown 
efficiencies were obtained after 2-3 days of puromycin selection and the knockdown 
cells were used for up to two weeks without a significant drop in knockdown efficiency. 
Knockdown efficiency was analyzed by RT-PCR as described previously (Table 2-2; 
Schuck et al., 2004). 
2.2.4 Immunofluorescence 
For surface labeling, filter-grown (4 days) MDCK cells were washed twice with ice-cold 
serum-free EMEM and subsequently kept on ice to prevent endocytosis. Filters were 
incubated for 45 minutes in serum-free medium containing "1- (AIIB2, 1:10) or #6-
integrin (1:100) antibodies on both apical and basolateral side. Cells were washed 
twice with EMEM, twice with PBS containing 0.9 mM Ca2+ and 0.5 mM Mg2+ (PBS+) 
followed by MeOH fixation. For intracellular and extracellular staining of integrins, cells 
on filters were washed once with PBS+ and fixed with MeOH. Filters were cut out of 
their supports and washed in PBS-. Nonspecific binding was blocked in PBS- 
containing 0.1% fish skin gelatin (Sigma) and 0.5% BSA (blocking solution, Sigma) for 
30 minutes. Filter pieces were incubated with secondary antibodies (1:500 in blocking 
solution) containing DAPI (Sigma, 0.6 !M) for 45 minutes, washed extensively in PBS- 
and mounted onto slides with MowiolTM. 
 MDCK cysts in 3-D gels were washed with PBS+ and incubated for 20 minutes in 
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PBS containing 4% paraformaldehyde (PFA, Sigma). After a PBS wash, residual 
aldehyde was quenched for 20 minutes in PBS- containing 200 mM glycine (Sigma). 
Cells were permeabilized for 20 minutes in PBS- with 0.1% Triton X-100 (Sigma) and 
incubated in blocking solution for 30 minutes. Primary antibodies (1:200 anti-myc and 
anti-pcx, 1:400 anti-galectin-3, dilutions in blocking solution) were added and incubated 
overnight at 4°C, washed extensively in PBS followed by overnight incubation at 4°C 
with 1:500 dilutions of fluorophore-conjugated secondary antibodies. When indicated, 
DAPI and TRITC-Phalloidin (0.1 !M, Sigma) were added with the secondary 
antibodies. Gels were washed in PBS, removed from the plates and mounted onto 
slides with MowiolTM. Images were acquired with an Olympus FluoView-1000 
(Olympus; using a 60X PlanApo oil objective, NA 1.1) laser scanning confocal 
microscope. 
 For detection of extra- and intracellular galectin-3, MDCK cells were seeded on 
poly-L-lysine (Sigma) coated coverslips and adhered for 20 minutes. Cells were fixed 
for 20 minutes in ice-cold paraformaldehyde (4%/PBS). After a PBS wash, residual 
aldehyde was quenched for 20 minutes in PBS containing 200 mM glycine (Sigma). 
Depending on the type of experiment, cells were either permeabilized with 1% Triton-
X-100 for 5 minutes (detection of total galectin-3) or left untreated (detection of 
extracellular galectin-3). Incubating the cells in blocking solution for 30 minutes blocked 
non-specific binding. Rat monoclonal galectin-3 antibody (Mac-2, Cedarlane 
Laboratories LTD) was applied (1:3000 in blocking solution) and incubated at room 
temperature for 1 hour. After extensive washing steps, a FITC-conjugated Goat Anti-
Rat secondary antibody (Jackson Immunoresearch Laboratories Inc.) was added 
(1:2000 in blocking solution) and incubated for 45 minutes at room temperature. 
Images were acquired with a Zeiss LSM 510 META laser scanning confocal 
microscope (Zeiss; 60x PlanApo oil objective, NA 1.1). 
2.2.5 Galectin-9 secretion 
MDCK-Gal9myc cells grown for 3-4 days on 12 mm Transwell filters were washed 
twice with starvation medium (EMEM lacking methionine and cysteine (PAA 
Laboratories), containing L-Glutamine and antibiotics), before a 15 minutes incubation 
in starvation medium at 37°C. Cells were labeled by placing the filter onto a 20 !l drop 
of labeling medium (starvation medium containing 30 !Ci of 35S-Methionine) for 20 
minutes. Filters were washed twice with chase medium (complete EMEM containing 
5% FCS  and 150  !g/ml  of unlabeled methionine) prior to incubation in chase medium  
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Table 2-2. Oligonucleotides used in this study. 
A. Target gene knockdown oligonucleotides used in retroviral RVH1-puro vectors 
Target gene sequence Sense oligo 5’ – 3’ Antisense oligo 5’ – 3’ 
Canine Gal3-KD (528-548) 
GCT GAT AAC AAT TCT 
GGG C
a
AC 
GAT CTC CGC TGA TAA 
CAA TTC TGG GT
a
A CTT 
CAA GAG AGT GCC CAG 
AAT TGT TAT CAG CTT 
TTT GGA AA 
AGC TTT TCC AAA AAG 
CTG ATA ACA ATT CTG 
GGC ACT CTC TTG AAG 
TAC CCA GAA TTG TTA 
TCA GCG GA 
Canine Gal9-KD (298-318) 
GAG CTC TGC TTC ATG 
GTG AAC 
GAT CTC CGA GCT CTG 
CTT CAT GGT GAA CTT 
CAA GAG AGT TCA CCA 
TGA AGC AGA GCT CTT 
TTT GGA AA 
AGC TTT TCC AAA AAGA 
GCT CTG CTT CAT GGT 
GAA CT CTC TTG GTT 
CAC CAT GAA GCA GAG 
CTC CCG GA 
Canine Gal9-KD2 (867-887) 
GGA TGG TGA GCA CCT 
GTT TGA 
GAT CTC CGG ATG GTG 
AGC ACC TGT TTG ATT 
CAA GAG ATC AAA CAG 
GTG CTC ACC ATC CTT 
TTT GGA AA 
AGC TTT TCC AAA AAG 
GAT GGT GAG CAC CTG 
TTT GAT CTC TTG AAT 
CAA ACA GGT GCT CAC 
CAT CCG GA 
a
C in this position of the target sequence was substituted with T to generate a U-G wobble-
pair to the 3’-sense-end of the hairpin. This wobble pair destabilizes the 3’-sense-end. 
Thereby, it enhances the probability of incorporating the antisense-strand, essential for 
silencing, into the RNAi-induced silencing complex (RISC) 
 
B. Primers used for quantitative Real time-PCR: 
Gene Sense oligo 5’ – 3’ Antisense oligo 5’ – 3’ 
Galectin-1 GCC CGG GAC TGT CAC 
AGA 
CTG GCA GCT TGA TGG 
TCA AG 
Galectin-3 TGC CTG GAG GAG TCA 
AGC C 
AAG TCT GTT TGC ACT 
GGG CCT 
Galectin-4 GGT CGT AAA TGG AAA 
TCC CTT CT 
CAG GTG GGT GAC CAC 
CTG TA 
Galectin-6 GCT TTG ATG GCT GGG 
ACA AG 
TCC TCG CTG CCC CAC 
TT 
Galectin-8 AGG TTG CGG TAA ATG 
GTG TAC A 
CAT CAA TTT CCA GCG 
TGT CAA 
Galectin-9 CCT GCC CCG AAA AAT 
GC 
GGC CCT CAC ACA TGA 
TCC A 
Galectin-12 CCG GTG GTT CCT TAT 
GTG ACA 
CCC TGG AGC ATG ACC 
ATC TT 
Ubiquitin TCC AAG ACA AGG AGG 
GCA TC 
TTC TAG CTG TTT GCC 
CGC A 
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at 37°C. Apical and basolateral medium and cells were harvested at indicated times. 
Galectin-9 was immunoprecipitated using an anti-myc-antibody (9E10) and Protein-G 
sepharose beads. Precipitated proteins were separated and visualized by SDS-PAGE 
and autoradiography. 
2.2.6 Standard cell adhesion assay 
Cell adhesion was determined as described previously (Matlin et al., 2003). Briefly, 
subconfluent MDCK cells were detached in PBS- containing 2 mM EDTA and 0.5 mM 
EGTA at 37°C. Cells were pelleted and resuspended in serum-free medium at 2x106 
cells/ml. Fifty microliters of cell suspension was pipetted into 96-well plate wells coated 
with laminin-111 (20 !g/ml, Sigma), collagen-I (3 !g/ml, Nutacon), MatrigelTM (40 
!g/ml), BSA (1%, Sigma) or Poly-D-lysine (100 !g/ml, Sigma) containing 50 !l of 1% 
BSA in serum free medium. When indicated, cells were resuspended and incubated in 
ice-cold serum-free medium containing 50 mM D-lactose (Sigma), 100 !g/ml of RGD-
peptide (Sigma) or 1:10 dilution of AIIB2 for 30 minutes prior to plating. Plates were 
incubated at 37°C for 90 minutes followed by 4 washes with PBS+ to remove non-
adherent cells. Adherent cells were fixed in methanol, stained with Crystal violet 
(Sigma, 0.1% w/v), lysed in 10 mM HEPES, pH 7.4 containing 1% (w/v) sodium 
deoxycholate and quantified using a spectrophotometer (absorbance at 540 nm from 
which the background at 405 nm was subtracted). 
2.2.7 SCFS instrumentation 
An atomic force microscope (AFM; NanoWizard, JPK Instruments) mounted on a Zeiss 
Axiovert 200 M (Zeiss) was used to perform SCFS experiments. To extend the vertical 
movement range to 100 µm, the AFM was equipped with the CellHesion module (JPK 
Instruments; Puech et al., 2006). A BioCell (JPK Instruments) allowed measurements 
to be conducted at 37°C. Cantilevers used were 200 µm long V-shaped silicon nitride 
tipless cantilevers with nominal spring constants of 0.06 N/m (NP-0, Veeco). Spring 
constants were calibrated using routines based on the equipartition theorem (Hutter 
and Bechhoefer, 1993). 
2.2.8 Surface coating of AFM cantilever and coverslips 
AFM cantilevers were soaked in 10% Hellmanex (Hellma GmbH) and residual air 
plasma cleaned for 1 minute. Then, cantilever were incubated at 4°C in 2 mg/ml 
Concavalin A (ConA; from Canavalia ensiformis, Sigma) overnight. Glass coverslips (! 
24 mm) were coated as follows. After sequential washes in 1 N HCl, water and EtOH, 
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coverslips were air-dried. Then, incubated in 0.8 !g/ml rat laminin-332 (Chemicon; 
Aumailley et al., 2005) for 2 hours at 37°C, 5 !g/ml laminin-111 in PBS for 2 hours at 
37°C, 50 !g/ml human plasma fibronectin (Roche) for 2 hours at 25°C or 20 !g/ml 
collagen-IV (Sigma) for 12 hours at 4°C. For collagen-I coating, mica discs (! 6.5 mm) 
were glued (OP-29, Dymax Europe GmbH) to glass coverslips (! 24 mm). Then, 
bovine dermal collagen-I (30 !g/ml, Cohesion) in coating buffer (200 mM KCl, 50 mM 
glycine, pH 9.2) was added to freshly cleaved mica and incubated overnight at room 
temperature (Cisneros et al., 2006). Un-bound protein was removed with PBS and 
fresh measurement medium. 
2.2.9 Cell capture, force measurement and data processing 
For SCFS experiments, cell suspensions were pipetted into the BioCell containing a 
coated coverslip. The apex of a ConA-coated cantilever was lowered onto a cell until a 
force of 0.75 nN was applied to the cell. After a contact time of 5 seconds the cantilever 
was moved 50 !m from the surface where the cantilever bound cell recovered for > 5 
minutes. For force-distance curve measurements, the approach and retract rates were 
5 !m/s and the contact force 0.75 nN. The pulling range was 50 !m. At a contact time 
of 20 seconds, 10 to 15 force-distance curves were recorded with > 20 seconds resting 
periods between approach/retract cycles. Cells were allowed to recover for ~ 5 
minutes, before a new set of force-distance curves was recorded. At 90 seconds 
contact time, force-distance curves were recorded at 3-minute intervals, never 
exceeding 5 force-distance curves per cell. Detachment forces and force step sizes 
were extracted using in-house algorithms in Igor Pro 5.05A (Wavemetrics). InStat 
(GraphPad Software) was used for running Student’s t test. All error bars show 
standard deviation unless stated otherwise. 
2.2.10 TIRF experiments 
To analyze the contact area of MDCK cells with collagen-IV supports, a combined 
AFM-total internal reflection fluorescence (TIRF) microscopy setup was used. The 
AFM-bearing light microscope was additionally outfitted with a Laser TIRF Slider 
(Zeiss) coupled over a multi-mode optical fiber (AMS Technologies) to a Saphire 488-
50cdrh laser (Coherent). Images were acquired with a Coolsnap cf camera (Roper 
Scientific) and a 100x /1.45 alpha Plan-FLUAR oil objective (Zeiss). A FITC filter set 
(Chroma Technology Corp.) was used. Cells were trypsinyzed, washed once with 
growth medium without FCS, pelleted and incubated with 20 !g/ml of a cell-labeling 
reagent (PKH67, Sigma) for 4 minutes at 25°C. Then, cells were extensively washed 
with growth medium before they were resuspended in measurement medium.  
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2.2.11 Protein expression and purification 
Full-length, human galectin-3 cDNA was expressed in Escherichia coli BL21 cells, 
using the pET15b expression vector (kind gift of K. Simons, MPI-CBG, Dresden). 
Galectin-3 was purified from bacterial cell lysates using unmodified sepharose 4B 
(Figure 2-8A; Sigma). In detail, after transforming electro-competent BL21 cells with 
the expression vector, a positive clone was grown at 37°C until OD600 had reached 
0.8. The culture was diluted with ice-cold LB-medium and expression was induced by 
the addition of IPTG (Carl Roth) to a final concentration of 0.4 mM. Then, the cultures 
were incubated at 18°C for 12-16 hours. Cells were harvested by centrifugation (20 
minutes, 2000 g), resuspended in 1:20 volume of Buffer A (20 mMTris-HCl, 5 mM 
EDTA, 200 mM NaCl, 1 mM DDT, protease inhibitors [Roche, Complete Mini]) and 
lysed by sonication (100 watts) at 4°C over six 10 second pulses separated by 30-
second intervals. The lysate was clarified at 15000 g for 15 minutes at 4°C. Protein 
was purified from the lysate by affinity chromatography in a column containing 7 ml of 
sepharose 4B (Figure 2-8A; Sigma) and washed with several column volumes of Buffer 
A. Elution was performed using Buffer B (Buffer A + 200mM lactose), collecting 
fractions of 1 ml volume. Based on SDS-Page profiles, the peak fractions (usually 2-4 
fractions) were pooled. The pools were concentrated by passage through a centricon™ 
microconcentrator (Millipore), followed by extensive dialysis against PBS. Although 
mammalian galectin-3 has a weak affinity for sepharose 4B and some target protein 
already eluted during the washing steps, sufficient amounts of protein were purified 
(Figure 2-8A). Purified proteins were stored at 4°C and used for up to 1 week. 
 Galectin-3-CRD was prepared as described by Massa et al. (Massa et al., 1993). 
Briefly, purified galectin-3 (Figure 2-8B) was digested with collagenases VII (Figure 
2-8C; Sigma) with a lectin:collagenases ratio of 20:1 by weight in 20 mM Tris-HCl (pH 
7.5), 150 mM NaCl and 2 mM CaCl2 at 37°C for 4 hours. Adding EDTA to a final 
concentration of 5 mM stopped the digestion (Figure 2-8D). Then, galectin-3-CRD was 
purified by asialofetuin-sepharose affinity chromatography (Figure 2-8E). The use of 
asialofetuin-sepharose, instead of unmodified sepharose, significantly improved the 
protein yield (Figure 2-8A,B). Collagenase cleavage was verified by an observed shift 
in the mobility of galectin-3 in a SDS-PAGE gel (Figure 2-8E). 
 
Chapter 2                    Galectins in Cell Adhesion 
 30 
 
Figure 2-8. Expression and purification of full-length, human galectin-3 and galectin-3-CRD. 
Full-length galectin-3 was expressed in E.coli BL21 cells and affinity purified using plain Sepharose 4B 
(A) or asialofetuin-modified Sepharose 4B (B) columns. (C) Amino acid sequence of human galectin-
3. The position of the galectin-3-CRD and collagenases VII cutting sites are marked. Full-length 
galectin-3 was digested using collagenases VII (D) and affinity purified using asialofetuin-Sepharose 
4B (E). Arrows indicate the position of full-length galectin-3, asterisks the position of galectin-3-CRD. 
Protein samples were separated on 12% SDS-PAGE gels. 
 
 
2.3 Results 
2.3.1 Contributions of galectin-3 and -9 to epithelial cell adhesion analyzed by 
single cell force spectroscopy. 
2.3.1.1 Results 
Expression of galectins in MDCK cells 
The relative expression levels of selected galectins, known to be expressed in the 
kidney (galectins 1, 3, 8 and 9) and/or containing tandem carbohydrate recognition 
(CRD)-domains (galectins 4, 6, 8, 9 and 12), were analyzed using quantitative real time 
PCR (Figure 2-9A). Galectin-3 was expressed at very high levels. Galectin-9, -8 and -1 
were relatively abundant while only low levels of galectin-6 and -12 mRNAs were 
found. Galectin-4 mRNA was not detected. Hereafter, studies were limited to galectin-3 
and -9, the two most abundantly expressed galectins. 
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 Retroviral RNAi was employed to specifically and efficiently inhibit (>90%) the 
expression levels of galectin-3 or -9 mRNAs (Figure 2-9B; Schuck et al., 2004). MDCK 
cells infected with retroviruses lacking a target-sequence in their shRNA-expression 
cassette were used as a control in all experiments. Protein levels in galectin-3-
knockdown (Gal3-KD) and Gal9-KD cells were analyzed by western blotting. 
Endogenous galectin-3 was detected using galectin-3 antibodies. Due to the lack of a 
suitable antibody against canine galectin-9, MDCK cells expressing myc-epitope-
tagged canine galectin-9 (MDCK-Gal9myc) were generated by retroviral transduction. 
The efficiency of the Gal9-KD construct at protein level was analyzed in MDCK-
Gal9myc cells using antibodies against the myc-epitope. The observed reduction 
 
Figure 2-9. Expression of galectins in MDCK cells. (A) mRNA expression levels of seven 
galectin family members in MDCK cells were analyzed using real-time PCR. Galectin-1 mRNA 
level was set to 100% and expression of the other galectin mRNAs relative to this are plotted. 
(n=3). Error bars denote standard deviation unless stated otherwise. (B) Galectin-3 and -9 
levels in control and KD cells were determined by western blot and real-time PCR analysis. 
Lysates from puromycin-selected MDCK cells infected with control or Gal3-KD viruses (left 
panel) and MDCK-Gal9myc cells infected with control or Gal9-KD viruses (right panel) were 
assayed for expression of endogenous galectin-3 or ectopically expressed Gal9myc using 
galectin-3- or myc-antibodies, respectively. Dilutions of the control cell lysates (1=20 !g of total 
protein, 1/4=5 !g and 1/20=1 !g) were loaded to allow residual galectin protein levels in the KD 
cells (20 !g of total protein loaded) to be estimated. Podocalyxin was used as a loading control. 
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(~90%) in galectin-3 and -9 protein levels in KD cells correlated well with the reduction 
seen in mRNA levels (Figure 2-9B). 
Galectin-3 and -9 contribute to cell adhesion 
To assess the role of the two galectins in epithelial long-term adhesion, tissue culture 
plates were coated with laminin-111, the major component of the basement 
membranes; MatrigelTM (Grant et al., 1985), a solubilized basement membrane-like 
matrix; or collagen I. Single cell suspensions were seeded onto the coated plates and 
allowed to adhere for 90 minutes before non-adhering cells were washed off. Pre-
incubation of cells with competitive inhibitors of galectin sugar-binding activity, D-
lactose or galactose slightly reduced the adhesion, suggesting that carbohydrate-
dependent interactions may play a role (Figure 2-10A). The contribution of integrins 
was more specifically confirmed using function-blocking !1-integrin antibodies (AIIB2) 
and competitive inhibitory RGD-peptides. While !1-integrins were found to be essential 
for adhesion to all of the matrices studied, RGD peptide, an inhibitor of integrin 
receptors for fibronectin matrix (Matlin et al., 2003), did not affect adhesion (Figure 
2-10A). The specific roles of galectin-3 and -9 were addressed by studying the 
adhesion of galectin-depleted cells. Compared to control cells, both Gal3- and Gal9-KD 
cells adhered less efficiently to laminin-111, collagen-I (Figure 2-10B) and MatrigelTM 
(Figure 2-11B). 
 
Figure 2-10. Galectin-3 and galectin-9 contribute to cellular adhesion (A) Single cell 
suspensions of MDCK cells were allowed to settle for 90 minutes on laminin-111, Matrigel
TM
 or 
collagen-I-coated tissue culture wells. When indicated, cell suspensions were incubated with 50 
mM D-lactose, 50 mM D-galactose, !1-integrin function blocking antibody (AIIB2) or RGD-
peptide prior to plating. Non-adherent cells were washed away and remaining adherent cells 
were quantified (n=3). Adhesion of untreated cells to each coating was set to 100% and 
adhesion of treated cells is shown relative to this. (B) Adhesion of control, Gal3-KD and Gal9-KD 
MDCK cells on BSA-, poly-D-lysine-, laminin-111- or collagen-I-coated plates was assayed as 
described in (A) (n=5). BSA and poly-D-lysine coatings served as a negative and positive 
control, respectively. Error bars denote standard deviation. 
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 The possibility of RNAi off-target effects (Jackson et al., 2003) was examined. To 
this end, galectin-3 expression was rescued by transiently transfecting Gal3-KD cells 
with an expression vector encoding hamster galectin-3 cDNA construct. This galectin-3 
ortholog differs from the canine galectin-3 at the RNAi-target region making it resistant 
to silencing by the shRNA with the canine sequence. Hamster galectin-3 expression in 
Gal3-KD MDCK cells led to robust increase in adhesion indicating that the observed 
adhesion defect in Gal3-KD cells was specifically due to lack of galectin-3 expression 
(Figure 2-11A). With galectin-9 an alternative approach was used to confirm the 
specificity. A second target sequence (nts 867-887) for canine galectin-9 from a 
different region of the galectin-9 mRNA was selected. This retroviral Gal9-KD 2-
construct resulted in efficient depletion of galectin-9 mRNA (90+/-3% as measured by 
RT-PCR) in MDCK cells. It was found that adhesion to MatrigelTM was reduced to 
similar extent in both Gal9-KD cell populations (Figure 2-11B). The probability that the 
two distinct RNAi-targets in the galectin-9 sequence would lead to same off-target 
effects is negligible. Thus, it was concluded that the effects of galectin-3- and galectin-
9-depletion on adhesion were specific. 
 Interestingly, the already reduced adhesion of cells in 50 mM lactose was further 
reduced in Gal3- and Gal9-KD cells (Figure 2-12). This suggests that the galectins 
have functions that are not mediated by their sugar-binding domain at the cell surface. 
These could be indirect mechanisms, such as regulating integrin function or 
localization. In conclusion, the long-term stable adhesion to laminin and collagen was 
!1-integrin-dependent but both galectin-3 and -9 were required for maximal adhesion 
efficiency. 
 
Figure 2-11. Excluding RNAi off-target effects. (A) Control and Gal3-KD MDCK cells were 
transiently transfected with a control cDNA (LacZ) or hamster galectin-3 cDNA and adhesion 
onto Matrigel
TM
-coated wells was assayed. (B) Control, Gal9-KD and Gal9-KD2 MDCK cells 
were analyzed for adhesion to Matrigel
TM
-coated wells. The data shown are representative of 
two (D) and three (E) independent experiments. Error bars denote standard deviation. 
 
Chapter 2                    Galectins in Cell Adhesion 
 34 
 To get a more quantitative insight into the early cell-substrate adhesion events, 
SCFS was applied (Puech et al., 2005). Single cells were attached to ConA-coated 
AFM cantilever and lowered onto laminin-111- or collagen-I-coated substrates. Upon 
retraction the maximum detachment force was determined. In contrast to long-term 
cell-adhesion, early adhesion to laminin-111 was found to be integrin-independent as 
EDTA or !1-integrin function-blocking antibodies had no significant effect (Figure 
2-13A). Instead, carbohydrate-mediated interactions were important as evidenced by 
the ability of lactose to inhibit cells adhesion to laminin-111 (Figure 2-13A). The 
opposite was observed for early adhesion to collagen-I. It was found to be entirely 
dependent on functional !1-integrin (Figure 2-13B). In both cases, RGD-binding 
integrins were dispensable for adhesion (Figure 2-13B). In agreement with lactose-
insensitivity, adhesion to collagen-I was not affected in Gal3- and Gal9-KD cells (Figure 
2-13B). On the contrary, a clear reduction was evident in the adhesion to laminin-111 
of Gal3- and Gal9-KD cells, compared to control cells suggesting that galectins, via 
their sugar-binding domains, play an important role in the early adhesion to laminin-111 
(Figure 2-13A). 
 
 
Figure 2-12. Addition of lactose reduces adhesion of KD-cells. Adhesion of control, Gal3-
KD and Gal9-KD cells to laminin-111 (left panel) and collagen-I (right panel) in the absence and 
the presence of 50 mM lactose (n=3). Error bars denote standard deviation. 
 
 Cell detachment did not occur via a single rupture event but via a number of 
smaller steps of varying size representing the disruption of single adhesion units or 
clusters. The sizes as well as the average number of such individual steps within force 
curves recorded after 90 seconds contact time to laminin-111 were analyzed (Figure 
2-14). Although the relatively small number of curves  analyzed (control n=82; Gal3-KD  
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n=35; Gal9-KD n=48) only allows statistical significance to be assigned to the 
difference in rupture steps per curve, an interesting trend was observed. Compared 
with control cells, Gal9-KD cells had slightly smaller steps (Figure 2-14A) while Gal3-
KD cells had fewer steps per curve (Figure 2-14B). This suggested that the mechanism 
by which these two galectins affect cell adhesion to laminin-111 is different. It is 
tempting to speculate that whereas galectin-9 mainly contributed directly to the 
 
Figure 2-13. SCFS analysis of adhesion to laminin-111 and collagen-I. Single control, 
Gal3-KD or Gal9-KD MDCK cells were captured onto ConA-coated AFM cantilevers and 
pressed onto laminin-111- (A) and collagen-I- (B) coated substrates. After indicated contact 
times cells were lifted from the substrate and the maximum detachment force was recorded 
(upper panel). The maximum detachment force between control MDCK cells and laminin-111 
and collagen-I was measured in the absence and presence of lactose or EDTA (middle 
panel) and in the absence and presence of !1-integrin function-blocking antibody (AIIB2) or 
RGD-peptide (lower panel). At least 15 cells were analyzed for each condition. ns – no 
significance p>0.5,  * p<0.05, ** p<0.001 
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adhesion, galectin-3 affected the number of adhesive interactions. Comparative 
analysis of the step sizes in the force curves recorded after 90 second contact with 
collagen-I (integrin-mediated) and laminin-111 (galectin-mediated) showed a significant 
difference between these two types of interactions. Integrin-mediated interactions with 
collagen-I were generally stronger (the most probable force 86.42 pN, Figure 2-14C) 
than galectin-mediated interactions to laminin-111 (60.02 pN), further supporting the 
conclusion that different kinds of machineries are involved in early adhesion processes 
to these two matrices. 
 
 
Figure 2-14. Analysis of the small detachment steps in force-curves recorded after 90 s of 
cell-substrate contact. (A) The distribution of the step sizes for control, Gal3- and Gal9-KD 
MDCK cells in force curves recorded after 90 seconds contact with laminin-111, was determined 
and plotted according to the normalized step size probability. (B) The average number of steps 
per force-curve (90 seconds contact times) in control, Gal3- and Gal9-KD MDCK cells was 
determined. (C) The distribution of the step sizes in retraction force curves recorded after control 
cells had been in contact with laminin-111 (galectin-mediated, grey bars) and collagen-I 
(integrin-mediated, white bars) for 90 seconds. ns p>0.5, ** p<0.001 
 
Surface expression of major ECM receptor integrins is normal in galectin-3 and -9 
depleted MDCK cells 
Galectin-3 has been shown to regulate the subcellular localization of !1-integrins 
(Furtak et al., 2001). To test if altered localization of ECM receptors may explain the 
observed adhesion defects, surface expression of the major integrin receptors in 
galectin-depleted MDCK cells was analyzed. Polarized filter-grown cells were probed 
using !1- or "6-integrin antibodies. A strong lateral signal and less intense basal 
staining were detected with !1-integrin antibodies (Figure 2-15A). On the contrary, "6- 
integrin antibodies showed a robust basal signal and fainter staining at the lateral 
membranes (Figure 2-15B). When permeabilized cells were stained for these integrins 
only few intracellular vesicular structures were seen indicating that the vast majority of 
integrins are at the cell surface. No significant differences were found between the 
control and galectin-depleted cells suggesting that the steady-state sub-cellular 
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distribution of the major integrins receptors was not affected by the absence of 
galectin-3 or -9. 
 
Cystogenesis of galectin-3 and -9-depleted MDCK cells 
Adhesive cell-ECM interactions are thought to regulate epithelial morphogenesis. 
When cultured in 3-D proteinaceous gel matrices, MDCK cells form polarized 
multicellular cysts. Cyst cultures are frequently used to reveal subtle defects in 
epithelial morphogenesis (Zegers et al., 2003). 
 
Figure 2-15. Subcellular localization of integrins in control, Gal3- and Gal9-KD MDCK 
cells. To reveal integrins at the cell surface filter-grown control, Gal3- and Gal9-KD cells grown 
on Transwell filters (4 days) were transferred on ice to block endocytosis, incubated for 45 min 
with !1-integrin (green, upper panels in (A)) or "6-integrin (green, upper panels in (B)) 
antibodies to label integrins exposed on the apical and basolateral surfaces. After incubation, 
filters were washed, fixed and processed for immunofluorescence. Nuclei were stained with 
DAPI (blue). For total integrin staining, filter-grown (4 days) control, Gal3- and Gal9-KD MDCK 
cells were fixed and permeabilized with MeOH and stained using (A) !1-integrin (lower panels 
including an xz-view) or (B) "6-integrin antibodies. Stacks from the middle (lateral) and the 
basal level (basal) are shown. Scale bars =20!m. 
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 Control, Gal3-KD and Gal9-KD cells were seeded into MatrigelTM and the 
progression of cystogenesis was followed by collecting samples at days 2, 4 and 8. In 
these culture conditions parental MDCK cells form hollow spherical cysts with dilated 
lumens within 4-5 days. Compared to control cells, cystogenesis of both galectin-KD 
cell types was delayed (Figure 2-16A). While the majority of control cysts had formed 
smooth-surfaced, dilated lumens by the 4th day in culture, most of the Gal3-KD cysts 
and almost half of the Gal9-KD cysts still had small lumens with irregular surfaces 
(Figure 2-16A). Because cystogenesis requires cell division, the growth kinetics of 
control and KD cells was assayed by counting them over a period of one week. While 
Gal9-KD cells grew at the same rate as control cells, Gal3-KD cells grew slower 
(Figure 2-16B) indicating that the delay in Gal3-KD cell cystogenesis might be in part 
 
 
Figure 2-16. Galectin-3 and galectin-9 
are required for efficient cystogenesis 
in MDCK cells. (A) Control, Gal3-KD 
and Gal9-KD MDCK cells were grown in 
Matrigel
TM
 for 2, 4 and 8 days. 
Developing and mature cysts were 
stained for DNA (DAPI, blue), 
filamentous actin (TRITC-Phalloidin, red) 
and podocalyxin (pcx-antibodies, green). 
Labeled cysts were phenotypically 
classified into three categories, 
unpolarized (pcx-staining seen also at 
the basolateral membrane), small apical 
lumen (polarized immature cyst), dilated 
apical lumen (polarized mature cyst). 
The data is representative of three 
independent experiments. 60-100 
control or KD cysts were analyzed for 
each time point in the experiment 
shown. (B) Twenty thousand control, 
Gal3-KD and Gal9-KD MDCK cells were 
seeded onto tissue culture dishes and 
counted after indicated time points. 
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due to decreased growth rate. Cell polarity in developing cysts was studied by following 
an early apical membrane marker, podocalyxin (pcx; Meder et al., 2005). While 
unpolarized surface expression of pcx was frequently observed in developing Gal3-KD 
cysts (>60% at day 2, examples shown on the left column in Figure 2-16A), significant 
mistargeting was not observed in Gal9-KD cells (15% at day 2) compared to controls 
(10% at day 2). When analyzed at day 8, the majority of both Gal3- and Gal9-KD cysts 
had fully matured and their surface polarity and overall morphology was similar to that 
of control cysts (Figure 2-16A). In conclusion, the cyst analysis demonstrated that both 
Gal3-KD and Gal9-KD cells exhibited delayed cystogenesis. The surface polarity of KD 
cells was either transiently (Gal3) or not (Gal9) affected. 
2.3.1.2 Discussion 
The data show that both galectin-3 and -9 are involved in cell-matrix interactions. 
Adhesion is a dynamic process where initial contacts are mediated by limited number 
of interacting molecules. The early interactions regulate a complex process of 
recruitment and clustering of additional components leading to formation of organized 
adhesion complexes and focal adhesions. This is highlighted by findings that the 
adhesion strength at the single cell level does not uniformly and gradually increase with 
contact time but shows complex behavior and cell-to-cell variation at contact times 
exceeding 2 minutes (see 2.3.2; Taubenberger et al., 2007). 
 Due to the small molecular forces involved, studying the early adhesion phase 
poses a methodological challenge. This is the first study of epithelial cell adhesion 
using SCFS. This quantitative method can be combined with RNAi to study the role of 
specific genes in cellular adhesion. In contrast to traditional gravitational assay where 
cells typically have more than an hour to interact with the substratum SCFS measures 
early events of adhesion. This kinetic aspect opens up new questions concerning 
functional and molecular links between early and late phases of adhesion. While 
galectins seem to have a supportive role in the formation of integrin-mediated strong 
adhesion to laminin-111, the data show that initial contacts are mainly carbohydrate-
mediated and largely depend on galectins. In contrast, early adhesion to collagen-I is 
galectin-independent and mediated solely by integrins. However, the long-term 
adhesion to collagen-I again seems to be strengthened by galectins. It appears that 
galectins regulate adhesion at multiple levels. 
 Given the carbohydrate-binding abilities of galectins, it is probable that they 
modulate adhesion from the extracellular side. Though lacking signal-sequences, some 
galectins including galectin-3, are secreted from cells via a non-classical pathway 
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(Lindstedt et al., 1993; Nickel, 2005; Sato et al., 1993). It was demonstrated that 
galectin-9 was likewise secreted from MDCK cells (Figure 2-17A). Thus, galectin-3 and 
-9, being multivalent, might directly form cell-ECM interactions. Alternatively, their 
function in adhesion is indirect. To this end, galectins have been implicated in the 
regulation of integrin-activation and/or trafficking (Carcamo et al., 2006; Furtak et al., 
2001; Lagana et al., 2006; Moiseeva et al., 2003). Although no obvious alterations of 
the steady state surface expression of the major integrins were observed in galectin-
depleted cells, the data does not exclude more subtle, dynamic changes in integrin 
trafficking or activity. More detailed studies are necessary to conclusively address this 
issue. 
 
 The link between cell adhesion and epithelial morphogenesis is of great 
importance.  It has been concluded that in cyst cultures efficient secretion takes place 
at the basal side (Bao and Hughes, 1999). In cyst cultures, cytoplasmic galectin-3 
accumulates in the sub-basal region that faces the ECM (Bao and Hughes, 1995). 
Galectin-9 was found to behave similarly (Figure 2-17B). The secretion and sub-basal 
localization of galectin-3 and -9 are in agreement with a role in regulated adhesive 
interactions. In the study by Bao and Hughes, addition of recombinant galectin-3 
retarded cyst expansion while inhibition of galectin-3 function by antibodies enhanced 
the growth of cells (Bao and Hughes, 1995). Interestingly, the same approach yielded 
similar conclusions for the growth inhibitory role of galectin-3 in ureteric branching 
 
Figure 2-17. Subcellular localization and secretion of galectin-3 and galectin-9 in MDCK 
cells. (A) MDCK-Gal9myc cells were grown on Transwell-filters for 4 days and secretion of 
Gal9myc to apical (Ap) and basolateral (Ba) medium was examined using a pulse-chase assay. 
A small but reproducible amount (<5% of total at 8 hours) of Gal9myc was found in the apical 
culture medium while none was detectable on the basolateral side. (B) MDCK (left panels) and 
MDCK-Gal9myc (right panels) cells were grown in MatrigelTM for 8 days (upper panels) or on 
Transwell-filters for 4 days (lower panels). Cysts were fixed, permeabilized and 
immunofluorescence was performed using anti-galectin-3 (left panels) or anti-myc (right panels) 
antibodies. The staining intensity profile is shown as spectral scale to better visualize polarized 
staining patterns. Both galectin-3 and Gal9myc show sub-basal accumulation in 3-D Matrigel
TM
-
cultures (upper panels) and subapical staining in 2-D monolayer cultures (lower panels). 
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tubulogenesis in mouse kidney explants (Bullock et al., 2001). It was proposed that 
secreted galectin-3 restricts the growth and expansion of epithelium by stabilizing 
and/or modulating basal interactions between cells and the ECM (Bao and Hughes, 
1995). Contrary to the positive effect on growth of the galectin-antibodies, reduced 
proliferation of Gal3-KD cells was observed. While the different methods of galectin-3 
inhibition (antibody vs. RNAi) most likely underlie the differing results, it is possible that 
the proliferation defect in Gal3-KD cells is mechanistically distinct from the proposed 
role of galectin-3 at the cyst surface. Because the time frame required for the cyst 
expansion assay (clear differences observed only after 12-20 days) is well beyond the 
time frame of the experimental setup applied in this study (up to 8 days) the data does 
not exclude the latter. 
 Adequate assembly of the basal laminin networks is required for proper MDCK 
cystogenesis (O'Brien et al., 2001). Assembly requires not only homo- and hetero-
oligomeric interactions between laminin and other ECM molecules, but also 
concentration of laminin at the cell surface and anchoring of the basal membrane to the 
nascent networks. Galectins are possibly involved in the assembly of laminin and other 
ECM networks. Al-Awgati and colleagues described such a function when they showed 
that galectin-3 was necessary for polymerization of hensin, which in turn induced 
terminal differentiation of the epithelia (Hikita et al., 2000b). As galectin-3 binds laminin 
a similar induced laminin assembly mechanism could be envisioned (Massa et al., 
1993). Perturbed laminin assembly could underlie the transient polarity defect 
observed in Gal3-KD cells (O'Brien et al., 2001). Alternatively, the polarity defect might 
result from the suggested role of galectin-3 in apical transport (Delacour et al., 2006). 
The molecular interactions of galectin-9 are less studied but its strong affinity to 
glycolipid-type glycans is of interest (Hirabayashi et al., 2002). Glycolipids play a 
crucial role in the assembly of basal matrix and can regulate epithelial polarity (Li et al., 
2005; Zinkl et al., 1996). This aspect warrants further investigating into the role of 
galectin-9 in epithelial morphogenesis. 
 
2.3.2 Galectin-3 regulates integrin !2"1-mediated adhesion to collagen-I and -IV. 
2.3.2.1 Results 
In the previous chapter (see 2.3.1) SCFS was applied to quantify early adhesion of 
MDCK cells to laminin-111 and collagen-I matrices. It was demonstrated that initial 
adhesion to laminin-111 is integrin-independent, and mediated by carbohydrate 
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interactions. Galactose binding galectins-3 and -9 facilitated these interactions. In 
contrast, adhesion to collagen-I was dependent on integrins and the depletion of 
neither galectin-3 nor -9 had an effect on the early adhesion (20 seconds contact time). 
Prolonged contact of MDCK cells to collagen substrates, results in highly variable 
detachment forces 
In this chapter the adhesive behavior of control, galectin-3 knockdown (Gal3-KD) and 
galectin-9 knockdown (Gal9-KD) MDCK cells to collagen-I matrices at contact times of 
90 seconds was the central point of interest. The measured detachment forces were 
highly variable (Figure 2-18A) and showed cell-to-cell variations. The forces were not 
normally distributed, but tailed towards high values (Figure 2-18A). Interestingly, the 
tailing was especially evident in Gal3-KD cells. Previously a similar phenomenon for 
the adhesion of Chinese hamster ovary cells to collagen-I matrices was reported 
(Taubenberger et al., 2007). Upon prolonged contact times a fraction of cells entered 
an enhanced adhesion state. Along with significantly higher detachment forces, a rise 
in the smallest rupture forces to values above those required to break single-integrin–
collagen bonds characterized this enhanced adhesion state (Taubenberger et al., 
2007). Adhesion-enhancement was attributed to cooperative integrin receptors. 
TIRF analysis of the cell-substrate contact area 
The similar distribution of detachment forces on collagen-I supports (Figure 2-18A) 
indicated that the processes leading to adhesion enhancement also occurred in MDCK 
cells. Inspired by these findings, adhesive properties of control, Gal3-KD and Gal9-KD 
MDCK cells to collagen-I matrices at extended contact times were characterized. 
Differences in the spreading of cells on the substrate that lead to differences in the 
contact area could result in deviation in forces needed to detach cells. To determine if 
adhesion-enhanced cells spread quicker on the substrate, SCFS was combined with 
TIRF microscopy. Gal3-KD cells were labeled using a fluorescent membrane-
intercalating dye. The adhesion to collagen was probed while imaging the contact area. 
Time-lapse TIRF images were quantified to measure the size of the contact areas 
(Figure 2-18B). The resulting diagrams (Figure 2-18C) demonstrated that, although the 
size of the contact area generally fluctuated more for adhesion-enhanced cells, the 
enhanced adhesion state was not associated with an increase in the contact area. 
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SCFS analysis of adhesion to collagen-I 
Figure 2-19A represents the stacked histogram of average detachment forces 
calculated for individual control, Gal3-KD and Gal9-KD cells. Detachment forces of the 
three cell lines were combined to increase the number of data-points. A cell population 
distributed around the most probable value (MPV) of 1.3 nN, can be differentiated from 
a more varied population with a significantly higher MPV of 20 nN (Figure 2-19A). 
Based on the detachment force histogram, a cut-off force of 4 nN was chosen to 
classify adhesion-enhanced and non-enhanced cells. Representative force-distance 
curves are depicted in Figure 2-19B. Classifying cells according to this criterion allowed 
the comparison of the detachment forces between the three cell types. The average 
detachment forces of control and knockdown cells within the two classes revealed no 
 
Figure 2-18. The contact area of MDCK 
cells with the substrate does not 
correlate with adhesion enhancement. 
(A) Normalized histogram of combined 
detachment forces of 63 cells (295 force 
curves) after a contact time of 90 seconds 
to collagen-I. The data for the three MDCK 
cell lines (control, Gal3-KD and Gal9-KD) 
were combined. (B) The plasma membrane 
of Gal3–KD cells was fluorescently labeled. 
Single cells were attached to a ConA–
coated AFM cantilever and pressed for 90 
seconds (contact force – 0.75 nN) onto a 
collagen-IV coated glass coverslip. The 
contact area of the cell with the substrate 
was imaged by time-lapse TIRF 
microscopy. Images of representative 
adhesion-enhanced and non-enhanced 
cells are depicted. The fluorescent signals 
were outlined to quantify the size of the 
contact area. (C) Contact area data–points 
were normalized to the initial area and 
plotted with respect to time. Scale bar: 1 
!m. 
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significant difference (Figure 2-19C). However, compared to control and Gal9-KD cells, 
Gal3-KD cells entered the enhanced adhesion state with increased probability (Figure 
2-19D). This result is in agreement with the distribution of detachment forces (Figure 
2-18A), where the majority of high detachment forces measured stemmed from Gal3-
KD cells. 
 To analyze by which integrin MDCK cells bind collagen-I, an integrin !1-function-
blocking antibody (AIIB2; Zuk and Matlin, 1996) and RGD-peptides (competitive 
inhibitor for RGD-dependent integrins; Pytela et al., 1986) were used (Figure 2-19E). 
Antibody addition significantly reduced cell adhesion to collagen-I, whereas RGD-
peptides had no effect, demonstrating that adhesion of MDCK cells to collagen-I is 
mediated by a !1-subunit containing integrin. An isotype-matched rat IgG control 
antibody did not influence detachment forces, excluding non-specific effects of AIIB2. 
 Analyzing the smallest detectable unbinding force units (hereon called force 
steps; see also Figure 2-19B [inset]) extracted from force-distance curves, a difference 
was observed (Figure 2-19F; force steps from Gal3-KD cells). Force step sizes from 
non-enhanced cells were distributed around 94 pN, coinciding with reported interaction 
forces of individual integrins with their ligands (Weisel et al., 2003). Therefore, most of 
the rupture events from these cells were attributed to the rupture of single integrin-
collagen bonds. Similarly, the distribution of force step sizes from adhesion-enhanced 
cells was centered around an ill-defined peak at 110 pN. However, a broad tail at 
higher force values marked the distribution, showing that a considerable percentage of 
rupture events rose above the single-molecule-force level. This suggests that adhesive 
units containing cooperating integrin receptors had formed. 
Integrin clustering, not integrin affinity modulation causes adhesion enhancement 
In a separate experiment control cells were incubated with an antibody, TS2/16, known 
to increase the affinity of the integrin !1-subunit for their ligands (van de Wiel-van 
Kemenade et al., 1992). Compared to untreated cells, treated cells exhibited 
significantly higher detachment forces. The percentage of cells that classified as 
adhesion enhanced (> 4 nN detachment force) almost doubled. The force step MPV for 
untreated cells was 93 pN, whereas antibody addition increased the value to 133 pN 
(Figure 2-19G). Both data sets were centered around the MPV but no pronounced tail 
towards high forces was observed. This shows that there are two distinct mechanisms 
to increase adhesion; increased integrin affinity, as observed for TS2/16 addition, and 
increased integrin cooperativity, as postulated in the previous paragraph. Both 
mechanisms can be distinguished by the size distribution of force steps. 
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Figure 2-19. Measuring cell adhesion to collagen-I by SCFS. (A) Relative count histogram of 
the average detachment forces (90 seconds contact time) calculated for individual cells (n=63). 
The data for the three MDCK cell lines (control, Gal3-KD and Gal9-KD) were combined. Two 
cell populations can be discerned. A double Gaussian fit (dotted line) gives maxima at 1.3 nN 
and 20 nN. The 4 nN cut-off force indicated by the vertical dashed line separates two cell 
populations. Cells below the cut-off were deemed non-enhanced and cells above adhesion-
enhanced. (B) Representative detachment force curves from non-enhanced (grey) and 
adhesion-enhanced (black) cells. From the force curves the detachment force (FD) and the 
magnitude of the force steps were extracted (Inset). (C) Comparison of the average detachment 
forces of non-enhanced and adhesion-enhanced cells (control n=28; Gal3-KD n=27; Gal9-KD 
n=27). (D) Percentage of adhesion-enhanced cells when probing adhesion to collagen-I. Error 
bars represent standard error (
! 
s.e.= (p " (1# p))/ n ). (E) Average control MDCK cell detachment 
forces in the absence or presence of integrin !1-function-blocking antibody AIIB2, isotype-
matched rat IgG control antibody or RGD-peptides (control n=16; control + AIIB2 n=12; control + 
rat IgG n=13; control + RGD n=14). (F) Force steps were extracted from force curves recorded 
with Gal3-KD cells and plotted according to the normalized step size probability (non-enhanced 
- 689 steps; adhesion-enhanced – 932 steps). (G) Force steps were extracted from force curves 
recorded with control cells in the absence and presence of integrin !1-activating-antibody 
TS2/16 and plotted according to the normalized step size probability (Control - 1118 steps; 
Control + TS2/16 –843 steps). The contact time for all experiments was 90 seconds, unless 
stated otherwise. Error bars in all figures represent the standard deviation, unless stated 
otherwise. ns p > 0.05; ** p < 0.01 
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SCFS analysis of adhesion to collagen-IV 
To test if the increased probability of Gal3-KD cells to enter the enhanced adhesion 
state is specific to collagen-I, adhesion to collagen-IV was examined. Similar to 
collagen-I, collagen-IV is recognized by !1-subunit containing integrins, evidenced by 
the significant reduction of MDCK cell adhesion upon AIIB2 addition (Figure 2-20A; 
White et al., 2004). When probing adhesion of control, Gal3-KD and Gal9-KD cells to 
collagen-IV, measured detachment forces where highly variable. Compared to control 
and Gal9-KD cells, the probability of adhesion enhancement was again higher for 
Gal3-KD cells (Figure 2-20B). It is concluded that MDCK adhesion to collagen-I and –
IV is similar. 
 
Figure 2-20. SCFS analysis of cell adhesion to collagen-IV. (A) Average control MDCK cell 
detachment forces in the absence or presence of integrin !1-function-blocking antibody AIIB2, 
isotype-matched rat IgG control antibody or RGD-peptides (control n=16; control + AIIB2 n=15; 
control + rat IgG n=15; control + RGD n=16) (B) Percentage of adhesion-enhanced cells when 
probing adhesion to collagen-IV. Error bars in (B) represent standard error. Contact time: 90 
seconds. ns p > 0.05; ** p < 0.01 
 
MDCK cells do not switch to the enhanced adhesion state when adhesion is probed to 
laminin-332 
MDCK cells express at least four integrins, "2!1, "3!1, "6!4 and "V!3 (Schoenenberger 
et al., 1994). Adhesion to collagen-I and -IV was likely mediated by integrin "2!1, as it 
is the only collagen-binding integrin identified in MDCK cells (Jokinen et al., 2004). To 
strengthen this statement, additional experiments showing that adhesion of MDCK 
cells to collagen-I is purely mediated by integrin "2!1 were performed (Figure 2-21). 
These results convincingly demonstrate that the adhesion measured by SCFS using 
collagen-I depends on integrin "2. 
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 It remained to be determined whether galectin-3 only interfered with integrin !2"1-
dependent adhesion, or also influenced adhesion by the other "1-containing integrin, 
!3"1. Integrin !3"1 has been identified as a receptor for laminins (Nishiuchi et al., 2003) 
and thrombospondin (Humphries et al., 2006). Problematic in the analysis of integrin 
!3"1-mediated cell adhesion is the lack of ECM proteins, exclusively binding this 
receptor. For this reason, laminin-332 a ligand to which both, integrin !3"1 and !6"4, 
are known to bind was used (Carter et al., 1991; Mak et al., 2006). To separate the 
contributions of the two integrins to cell adhesion, integrin-blocking antibodies AIIB2 
("1-subunit) and GoH3 (!6-subunit; Aumailley et al., 1990) were used. Between the 
three cell types no significant differences in the average detachment force could be 
detected (Figure 2-22A). In accordance with literature, addition of the antibodies AIIB2 
or GoH3 reduced, but did not completely blocked adhesion of MDCK cells to laminin-
332 (Figure 2-22A; Mak et al., 2006). Separating force-distance curves into adhesion-
enhanced and non-enhanced classes was not possible for the reason illustrated in 
Figure 2-22B. Adhesion to laminin-332 is stronger, with a MPV of 4600 pN, than to 
collagen-I (960 pN). As the MPV for the adhesion to laminin-332 is higher than the 4 
nN cut-off force, used to separate adhesion-enhanced and non-enhanced cells, this 
criterion could not be applied. Unlike for adhesion to collagen, a high-force tail was not 
detectable in the force histogram recorded for laminin-332 (Figure 2-22B), suggesting 
the lack of adhesion enhancement. Another characteristic of the enhanced adhesion 
state is the increased magnitude of force steps (Taubenberger et al., 2007). Force 
 
Figure 2-21. Integrin !2-subunit is essential for MDCK cell adhesion to collagen-I. 
Adhesion of wildtype and integrin !2 -knockdown MDCK cells to collagen-I was measured using 
SCFS. Reduced expression of the integrin !2-subunit decreases adhesion to background levels. 
Addition of an integrin "1-subunit blocking antibody (AIIB2) does not reduce adhesion further, 
demonstrating that other "1-containing collagen-binding integrins are not involved in the 
adhesion of MDCK cells to collagen-I. Displayed are median ± median absolute deviation. ns 
not significant; *** p<0.001 
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steps extracted from force-distance curves recorded on laminin-332 and collagen-I 
were compared (Figure 2-22C). Whereas the force step histogram for collagen-I 
adhesion contains the described high-force tail, the distribution for laminin-332 
adhesion lacks this feature. It is concluded that adhesion enhancement does not occur 
when cells were in contact with laminin-332 although a !1-subunit containing integrin 
was evidently involved. 
 
SCFS analysis of adhesion to fibronectin 
To analyze if integrin "V!3 can induce the adhesion-enhanced phenotype in Gal3-KD 
cells, fibronectin was used as substrate. Fibronectin, a high-molecular-weight 
glycoprotein interacts with several integrins, of which the RGD-binding integrin "V!3 
(Humphries et al., 2006) is expressed in MDCK cells (Schoenenberger et al., 1994). 
Using AIIB2 and RGD-peptides the specificity of MDCK cell adhesion to fibronectin 
was probed. As expected, addition of RGD-peptides significantly reduced cell adhesion 
 
Figure 2-22. Measuring cell adhesion to 
laminin–332 by SCFS. (A) Comparison of 
the average detachment forces between 
control, Gal3–KD and Gal9–KD cells and 
control cells in the absence and presence of 
integrin !1-function-blocking antibody AIIB2, 
integrin "6-function-blocking antibody GoH3 
or isotype-matched rat IgG control antibody. 
Adhesion-enhanced and non-enhanced cells 
where separated before comparison (control 
n=23; Gal3–KD n=20; Gal9–KD n=21; control 
+ AIIB2 n=20; control + GoH3 n=15, control + 
rat IgG n=15). (B) Comparison of the merged 
detachment forces recorded for control, 
Gal3–KD and Gal9–KD MDCK cells on 
collagen-I and laminin-332 (C) Force steps 
where extracted from force curves (control, 
Gal3-KD and Gal9-KD) recorded on collagen-
I or laminin–332. The normalized step size 
probability is plotted. For each substrate 
force steps from control, Gal3-KD and Gal9-
KD were combined. The contact time for all 
experiments was 90 seconds, unless stated 
otherwise. * p < 0.05; ** p < 0.01 
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to fibronectin while the addition of AIIB2 and a non-specific RGE-control-peptide had 
no effect (Figure 2-23A). Thus, it is concluded that the interaction of MDCK cells with 
fibronectin is mediated by integrin !V"3. Compared to collagen-I, the distribution of 
detachment forces recorded on fibronectin lacked the tail towards high forces (Figure 
2-23B). An enhanced adhesion state was rarely observed and significant differences in 
its probability were not detected between the three cell lines (Figure 2-23C). This 
shows that galectin-3 did not influence adhesion kinetics when cells interacted with 
fibronectin via integrin !V"3. In summary, it was concluded that galectin-3 acted 
exclusively through integrin !2"1 to inhibit rapid adhesion-enhancement in MDCK cells. 
 
Galectin-3 effects integrin !2"1 on the cell surface 
Though synthesized in the cytoplasm galectin-3 is known to act in the nucleus, on the 
intracellular side of the plasma membrane and in the extracellular space (Dumic et al., 
 
Figure 2-23. SCFS analysis of cell 
adhesion to fibronectin. (A) Average 
control MDCK cell detachment forces 
in the absence and presence of 
integrin "1-function-blocking antibody 
AIIB2, RGD-peptides or non-specific 
RGE-control-peptides (control n=17; 
control + AIIB2 n=16; control + RGD 
n=14; control + RGE n=17). (B) 
Comparison of the merged 
detachment forces for control, Gal3–
KD and Gal9–KD MDCK cells 
recorded on collagen-I and fibronectin. 
(C) Percentage of adhesion-enhanced 
cells when probing adhesion to 
fibronectin. Error bars in (C) represent 
standard error. Contact time: 90 
seconds. ns, p > 0.05; * p < 0.05; ** p 
< 0.01 
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2006). Given this diverse distribution it was attempted to show where galectin-3 
influences integrin !2"1-mediated adhesion. The MDCK mutant cell line MII RCA 
(Meiss et al., 1982) is defective in translocation of UDP-galactose into the lumen of the 
Golgi apparatus (Brandli et al., 1988). As a consequence, glycoproteins do not bear 
galactose-containing side chains, abolishing CRD-mediated interactions of galectin-3 
with these proteins (Bao and Hughes, 1999). In agreement with previous studies, MII 
RCA cells expressed galectin-3 at levels comparable to wild-type cells and the protein 
was not present on the cell surface (Figure 2-24A; Bao and Hughes, 1999). Thus, MII 
RCA cells were used to analyze whether galectin-3 influences integrin function on the 
extra- or intracellular side of the plasma membrane and if galactoside binding is 
required. When probing adhesion of control, Gal3-KD and MII RCA cells to collagen-I, 
no differences in overall adhesion strength could be detected, after force curves from 
adhesion-enhanced and non-enhanced cells had been separated (Figure 2-24B). 
However, compared to control cells the percentage of cells classified as adhesion-
enhanced doubled for Gal3-KD and MII RCA cells (Figure 2-24C), showing that sugar-
mediated interactions at the cell surface are required for the inhibition of adhesion-
enhancement by galectin-3. 
To confirm that galectin-3 acts extracellularly, the galectin-3 knockdown was 
rescued by addition of exogenous, recombinant galectin-3. Addition of the recombinant 
lectin significantly reduced detachment forces of non-enhanced Gal3-KD cells from 
collagen-I (Figure 2-24D). Furthermore, the percentage of adhesion-enhanced Gal3-
KD cells dramatically decreased upon addition of the recombinant protein (Figure 
2-24E). In contrast, addition of galectin-3 lacking the N-terminal domain critical for the 
multivalent behavior of the lectin (Hsu et al., 1992) had no effect on the percentage of 
adhesion-enhanced Gal3-KD cells (Figure 2-24E). This demonstrated that galectin-3 
affected integrin !2"1 on the extracellular side of the plasma membrane probably by the 
formation of galectin-glycoprotein-lattices. 
2.3.2.2 Discussion 
SCFS was applied to analyze the adhesion of MDCK cells to different ECM proteins 
and determined the contributions of galectins-3 and -9. It was found that galectin-9 did 
not influence MDCK cell adhesion in any of the conditions probed. Furthermore, 
differences in adhesive strength or adhesion kinetics were not detected when control, 
Gal3-KD and Gal9-KD MDCK cells were applied to either fibronectin or laminin-332. In 
contrast, the adhesion strengths of MDCK  cells to  collagen-I and -IV showed complex  
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Figure 2-24. Galectin–3 acts at the cell surface to effect integrin !2"1-mediated adhesion 
via galactoside-dependent oligomeric interactions. (A) Control, MII RCA (mutant cell line 
lacking galectin–3 ligands at the cell surface; see Results section) and Gal3–KD cells were 
seeded on poly–L–lysine coated coverslips, fixed and either permeabilized (for detection of 
total galectin–3) or left untreated (for detection of extracellular galectin–3). Galectin–3 was 
detected with a monoclonal antibody against the Mac–2 antigen and visualized with a FITC–
conjugated secondary antibody. (B) Comparison of the average detachment forces between 
control, MII RCA and Gal3–KD cells. Adhesion-enhanced and non-enhanced cells were 
separated before comparison (control n=15; MII RCA n=18; Gal3–KD n=24) (C) Percentage of 
adhesion-enhanced cells. (D) Comparison of the average detachment forces between 
untreated Gal3–KD and Gal3–KD cells preincubated with recombinant, full-length galectin–3 
(Gal3) or galectin-3-CRD (Gal3-CRD). Adhesion-enhanced and non-enhanced cells were 
separated before comparison (Gal3–KD n=30; Gal3–KD + Gal3 n=23; Gal3-KD + Gal3-CRD 
n=16) (E) Percentage of adhesion-enhanced cells. Adhesion was probed to collagen-I, unless 
stated otherwise. Contact time (B)-(E): 90 seconds. Error bars in (C) and (E) represent 
standard error.  ns p > 0.05; * p < 0.05; ** p < 0.01 
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behavior. At a contact time of 90 seconds, detachment forces varied greatly. In a 
previous study, these variations where attributed to the switch of a proportion of cells to 
an enhanced adhesion state (Taubenberger et al., 2007). 
Galectin-3 influences integrin !2"1-mediated adhesion to collagen-I and –IV 
When probing the adhesion of MDCK cells to collagen-I and -IV, a higher percentage 
of Gal3-KD cells entered the enhanced adhesion state. By applying a combined 
TIRF/AFM setup to analyze the contact area between cells and their substrate during 
SCFS experiments it was demonstrated that cell spreading was not associated with 
adhesion enhancement. Using an integrin !1-function-blocking antibody, it was shown 
that adhesion to collagen-I and -IV was mediated by a !1-subunit containing integrin, 
likely the collagen-binding integrin "2!1. A Gal3-KD-dependent increase in the 
percentage of adhesion-enhanced cells was not observed when fibronectin or laminin-
332 were probed. The interaction of MDCK cells with these proteins was mediated by 
integrins other than integrin "2!1. Therefore, it was concluded that galectin-3 
specifically influences integrin "2!1-mediated adhesion. The inhibitory effect of galectin-
3 on adhesion kinetics was duplicated by the addition of recombinant galectin-3 to 
Gal3-KD cells. Furthermore, a mutant MDCK cell line deficient in extracellular ligands 
for galectin-3 showed the same stimulatory phenotype as observed in galectin-3-
depleted cells. This demonstrated that galectin-3 acts at the cell surface presumably by 
binding to glycoproteins via its lectin-domain. This is consistent with earlier in vivo 
studies showing that galectin-3 associated with cell surface glycoproteins and 
glycosylated components of the ECM (Dumic et al., 2006). 
 It should be noted, that the adhesion promoting effect of galectin-3 depletion 
holds true only for the relatively short contact times applied. When adhesion to 
collagen-I was probed for longer contact times (90 minutes) using traditional adhesion 
assays, both Gal3- and Gal9-KD cells exhibited adhesion defects (see 2.3.1). 
Galectin-mediated integrin affinity modulation is not the cause for adhesion 
enhancement 
To explain the impact of galectins on cell adhesion, two modes of action have been 
proposed (Hughes, 2001). Firstly, galectins directly promote the binding of cells to 
substrates by crosslinking appropriately glycosylated receptors on opposing surfaces 
(Figure 2-25B). Secondly, galectins indirectly affect cell adhesion by binding to 
extracellular domains of transmembrane glycoproteins, thereby modulating the binding 
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affinity, clustering or availability (endocytosis) of these proteins to their extracellular 
ligands (Figure 2-25A; Demetriou et al., 2001; Furtak et al., 2001; Kuwabara and Liu, 
1996). Unlike for the laminin-111-galectin interactions reported in the previous chapter 
(see 2.3.1), the direct mode of action cannot account for the results obtained in this 
study. The addition of integrin function-blocking reagents inhibited the adhesion of 
MDCK cells to all substrates tested. If galectin-3 is directly involved in adhesion, its 
contribution is small and cannot be separated from non-specific interactions. More 
likely is that galectin-3 indirectly influences MDCK cell adhesion by interacting with 
integrin receptors, thereby modulating the affinity or avidity of the integrins for their 
ligands. When comparing the force step histograms of adhesion-enhanced and non-
adhesion-enhanced cells, the positions of their main peaks concurred (Figure 2-19F) 
while the number of high force steps differed. Therefore, it was concluded that the 
avidity but not affinity of the integrin receptors changed in the enhanced adhesion 
state. 
Multivalency is important for galectin function 
Almost all galectins either contain two CRD’s or dimerize. Bivalence is a prerequisite 
for their modulation of cell-cell and cell-pathogen interactions and possibly allows them 
to form lattices by ligand-cross-linking. Galectin-3, the sole chimeric galectin does not 
form dimers in solution (Massa et al., 1993; Morris et al., 2004). However, upon 
oligosaccharide binding galectin-3’s form oligomers via their N-terminal domains 
(Ahmad et al., 2004; Hsu et al., 1992). Galectin-3 lattices are proposed to be involved 
in receptor trafficking and receptor clustering. Partridge and coworkers showed that 
galectin-3 lattices retained epidermal growth factor and transforming growth factor-! 
receptors on the cell surface by interfering with their endocytosis (Partridge et al., 
2004). On the surface of T-cells, galectin-3 lattices restricted the recruitment of T-cell 
receptors to the site of antigen presentation (Demetriou et al., 2001). Similarly, 
galectin-3 regulated the dynamics of fibronectin fibrillogenesis as well as associated 
integrin activation and translocation via receptor crosslinking (Lagana et al., 2006). 
Galectin-3 lattices were found to be robust and resist lateral diffusion (Nieminen et al., 
2007), reinforcing findings that these lattices regulate the lateral movement and 
recycling of cell surface receptors. A similar mechanism is supported by our results. If 
galectin-3 binds N-glycans on integrin !2"1, the receptor might be sequestered within a 
multivalent galectin-glycoprotein lattice, thereby impeding receptor clustering. 
Consequently, the kinetics of integrin-mediated adhesion would be slowed. In Gal3-KD 
Chapter 2                    Galectins in Cell Adhesion 
 54 
cells, the absence of galectin-3 may increase the mobility of the integrin. Receptor 
mobility has been correlated with enhanced cell adhesion and adhesion strengthening 
(Chan et al., 1991; Kucik et al., 1996). 
 
 Integrin clustering is often associated with the observation of macroscopic 
adhesion patches, such as focal complexes and adhesions. These structures can be 
typically detected 10–20 min after cell seeding. However, functional integrin adhesion 
complexes may first form as small receptor clusters that cannot be resolved by 
conventional light microscopy (Laukaitis et al., 2001). Indeed, SCFS appeared to 
detect the establishment of cooperative integrin binding within 90 seconds of matrix 
contact, suggesting that integrins start clustering before this becomes optically 
detectable.  
 Integrins !2"1, !3"1, !V"3 and !6"4 are clearly involved in the adhesion of MDCK 
cells to the ECM proteins tested. However, it cannot be excluded that MDCK cells 
express other integrins. Transcriptional profiling suggested that MDCK cells also have 
transcripts for the !5-, "5- and "6-integrin subunits (our unpublished data). If expressed, 
these integrin subunits would form functional integrin receptors. However, integrin !5"1, 
along with !6"1 and !V"1, two fibronectin receptors that could combine from the 
described integrin subunits, where not found in MDCK cells (Schoenenberger et al., 
1994). Importantly, addition of an integrin "1-function-blocking antibody (AIIB2) to 
MDCK cells did not decrease adhesion to fibronectin, suggesting that no "1-subunit 
containing integrin was involved (Figure 2-23A). According to the transcription profiles, 
 
Figure 2-25. Galectins as multifunctional modulators of cell adhesion. (A) Cells attach to 
the ECM through interactions between a matrix component and integrins on the cell surface. 
Galectins interact with glycans of either the integrin or the matrix glycoprotein and affect the cell 
matrix interaction. (B) Functionally bivalent galectins bind simultaneously to cell-surface and 
matrix receptors to act synergistically in and cell-matrix adhesions. 
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the integrin !1-subunit is not expressed in MDCK cells, excluding an important 
collagen-binding integrin, !1"1, as a potential binding partner for galectin-3. Two 
collagen-binding integrins !10"1 and !11"1 were recently identified. The distribution of 
both receptors is restricted. Integrin !10"1 is mainly expressed in chondrochytes 
(Camper et al., 2001), whereas !11"1 is mainly found in the mesenchyme (Tiger et al., 
2001). As neither receptor has been identified in epithelial cell lines, it was concluded 
with some certainty that these integrins do not participate in MDCK cell adhesion to 
either collagen-I or -IV. 
 
2.4 Conclusion 
Here, the contributions of galectins to the adhesion of MDCK cells were studied. 
Employing SCFS and standard adhesion assays it was shown that both galectin-3 and 
-9 were required for optimal long term cell adhesion to both collagen-I and laminin-111. 
Early adhesion to laminin was found to be integrin-independent and was instead 
mediated by carbohydrate interactions and galectin-3 and -9. When early adhesion to 
collagen-I or –IV was studied, some cells rapidly entered an enhanced adhesion state, 
marked by a significant increase in the force required for cell detachment. Galectin-3-
depleted cells had an increased probability of entering the enhanced adhesion state. 
Adhesion enhancement was specific to integrin !2"1, as it was not observed when cells 
adhered to ECM substrates by other integrins. It is proposed that galectin-3 influences 
integrin !2"1-mediated adhesion-complex formation by altering receptor clustering. 
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Chapter 3 
3DEVELOPING A SCFS-SETUP TO QUANTIFY CELL ADHESION 
MOLECULE CROSSTALK 
3.1 Introduction 
Cell adhesion molecules (CAM) are transmembrane receptors composed of an 
intracellular domain that interacts with cytoplasmic proteins including the cytoskeleton, 
and an extracellular domain that specifically binds to adhesion partners. To control to 
which extracellular surfaces, i.e. other cells and proteins of the ECM, they will adhere 
cells express different CAMs. Four major superfamilies of CAMs mediate cell adhesion: 
immunoglobulins, cadherins, selectins, and integrins. Each of them is responsible for a 
certain type of interaction (Alberts, 2008). 
3.1.1 Immunoglobulins 
The immunoglobulin superfamily (IgSF) is a large group of cell surface and soluble 
proteins that are involved in the recognition, binding or adhesion processes of cells. 
The IgSF members contain one or more Ig-like domains and a varying number of 
fibronectin type III repeats in the extracellular region. Typical examples for the IgSF 
include the Immunoglobulins, the intercellular adhesion molecules, the vascular cell 
adhesion molecule and the neural cell adhesion molecule. IGSF members participate 
in homotypic and heterotypic interactions with other members of the superfamily, with 
integrins or with ECM proteins (Penberthy et al., 1997; Smith, 2008). 
3.1.2 Cadherin 
The cadherin superfamily consists of classical cadherins and non-classical cadherins. 
The latter include desmosomal cadherins and proto-cadherins. Classical cadherins are 
single-span, transmembrane glycoproteins that mediate cell adhesion through a Ca2+
 
dependent homotypic binding to cadherins on adjacent cells. Loss of cadherin-
mediated cell-cell adhesion has been implicated in tumor cell invasion and metastasis 
formation. Cadherins not only serve as adhesion molecules, but also convey 
information bidirectional through the membrane, thereby activating signaling cascades 
that control cell growth and development. Clustering of cadherins is important for their 
functions, and multiple dimer-dimer interactions are believed to provide sufficient local 
avidity to mediate cell-cell adhesion (Patel et al., 2003). 
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3.1.3 Selectin 
Selectins are a family of cell adhesion molecules that play crucial roles in inflammation 
(McEver, 2002). The selectin family consists of three members: P-, E- and L-selectin. 
All members of the selectin family share a common structural motif that has a calcium 
type lectin domain at the N-terminus, an epidermal growth factor-like domain, multiple 
copies of consensus repeats, a transmembrane domain and a short cytoplasmic tail. 
Table 3-1. Integrins and their major extracellular ligands 
  Integrin Matrix molecule Other Ligands 
!1"1 Col I, IV, VI; Ln   
!2"1 Col I, II, III, IV, VII, XI; Ln  
!3"1 Ln 2/4, 5, 10/11, TP   Inv 
!4"1 Fn, CS-GAG   VCAM-1, Inv, Im 
!5"1 Fn, Fg, dCol  disintegrins, Im, Inv 
!6"1 Ln   Inv, Sperm Fertilin 
!7"1 Ln 1, 2/4  
!8"1 Fn, Vn, Tn  
!9"1 Ln, Tn, OP  VCAM-1 
!10"1 Col II  
Subfamily (1) 
!11"1 Col I   
!D"2  ICAM-3 
!L"2  ICAM-1, 2, 3, 4, 5 
!M"2 Fg  ICAM-1, iC3b, FX  
!X"2 Fg  iC3b 
!4"7 Fn  MAdCAM-1, VCAM-1, 
disintegrins  
Subfamily (2) 
!E"7   E-cadherin 
!V"1 Fn, Vn  TGF" LAP 
!V"3 Vn, Fg, Fn, bSp, Tn, TP, OP, 
MAGP-2, fibrillins, Del1, dCol 
vWF, disintegrins, L1-CAM 
!V"5 Vn, bSp, Fn  
!V"6 Fn, Tn TGF" LAP 
Subfamily (3) 
!V"8 Fn, Ln   
  !IIb"3 Fg, Fn, Vn, TP, dCol, Dec 
vWF, Pl, disintegrins, L1-
CAM 
  !6"4 Ln   
 
Abbreviations: bSp – bone sialoprotein; Dec – decorsin; Del1 – developmental endothelial 
locus-1; (d)Col – (denatured) collagen; CS-GAG – chondroitin sulphate glycosaminoglycan; Fg 
– fibrinogen; Fn – fibronectin; FX – Factor X; iC3b – inactivated fragment of complement factor 
C3; ICAM – intracellular adhesion molecule; Im – intimin; Inv – invasin; Ln – laminin; L1-CAM – 
neural cell adhesion molecule L1; MAGP – microfibril – associated glycoprotein; MAdCAM – 
mucosal addressin cell adhesion molecule; OP – osteopontin; Pl – plasminogen; TGF LAP – 
transforming growth factor  latency-associated peptide; Tn – tenascin-C, TP – trombospondin; 
VCAM – vascular cell adhesion molecule; vWF – von Willebrand factor  
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The best-characterized selectin ligand is P-selectin glycoprotein ligand 1, a mucin-type 
glycoprotein expressed on all white blood cells (McEver and Cummings, 1997). 
3.1.4 Integrins 
As already discussed in the second chapter, integrins predominantly mediate 
interactions of cells with ECM. Most integrin receptors display affinity for a diverse set 
of ligands and ligand specificities are often overlapping (Table 3-1). Cells generally 
express more than one type of integrin receptor, and in vivo different integrins may be 
simultaneously engaged. Several regulatory mechanisms are required to direct cell 
adhesion in complex extracellular environments (Geiger et al., 2001; Humphries et al., 
2006; Hynes, 1992). 
 One mechanism regulating cell adhesion is integrin crosstalk were the binding of 
one integrin type (the transducer) alters the behavior of a different integrin type (the 
target) on the same cell. Integrin crosstalk generates a high degree of specificity in cell 
adhesion by coordinating the activation and availability of integrins. In most cases, 
integrin crosstalk is unidirectional i.e. ligation to the target integrin does not affect the 
transducer integrin (Diaz-Gonzalez et al., 1996; Lichtner et al., 1998; Pacifici et al., 
1994). Examples of integrin crosstalk have been reported in cell lines and primary cell 
types including macrophages (Blystone et al., 1994), T cells (Porter and Hogg, 1997), 
smooth muscle cells (Bilato et al., 1997), monocytes (Pacifici et al., 1994), Chinese 
hamster ovary cells (Diaz-Gonzalez et al., 1996), and embryonic kidney cells (Simon et 
al., 1997). Integrin functions affected by crosstalk include phagocytosis (Blystone et al., 
1994), receptor-mediated endocytosis (Pijuan-Thompson and Gladson, 1997), 
migration (Bilato et al., 1997), gene expression (Huhtala et al., 1995), and most often 
adhesion (Diaz-Gonzalez et al., 1996; Lichtner et al., 1998; Pacifici et al., 1994; Porter 
and Hogg, 1997). 
 Presently, washing assays are used to study integrin crosstalk-mediated changes 
in cell adhesion (Diaz-Gonzalez et al., 1996; Lichtner et al., 1998; Pacifici et al., 1994; 
Porter and Hogg, 1997). Although washing assays enabled the identification of cell 
adhesion components and generated some insights into mechanisms regulating 
adhesion (Amano et al., 1997; Ridley and Hall, 1992), they are rather variable in their 
reproducibility. Furthermore, washing assays cannot quantitatively determine cell 
adhesion strengths. As such, these assays do not allow the contributions of different 
integrins to be quantified and are not ideal for the study of crosstalk. Thus, simple 
questions remain unanswered: Does crosstalk alter the binding strength of the cell and 
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what is the contribution of the target receptor? Does crosstalk modulate binding-affinity 
or -avidity of the target integrins? Does crosstalk coordinate target integrins to increase 
their cooperativity? Are there feedback mechanisms that regulate and adjust the 
crosstalk? 
 Here a new method to study integrin crosstalk is introduced and verified. The 
method is an extension of SCFS. The method uses two different substrates to which 
the same cell binds. Single cells are first allowed to adhere to a primary substrate for a 
time sufficient to activate substrate-dependent regulation pathways. Subsequently, the 
cell is brought in contact with a secondary substrate so that its adhesion strength to 
this substrate can be measured. If adhesion to the secondary substrate depends on 
the primary substrate one can assume that primary substrate bound integrins modulate 
the binding strength of secondary substrate integrins. By varying the substrates, such 
crosstalk between integrins can be identified, quantified, and its mechanisms 
determined. 
3.2 Material and Methods 
3.2.1 Cell culture 
HeLa (Kyoto) cells were maintained in DMEM supplemented with 10% FCS, 100 
units/ml penicillin and 100 !g/ml streptomycin (growth medium; all Invitrogen). One 
hour prior to SCFS, the growth medium was replaced with CO2-independent medium 
(10 mg/ml DMEM powder, 350 !g/ml NaHCO3, 4.77 mg/ml HEPES)
 supplemented with 
L-glutamine, penicillin/streptomycin, and 1% fetal calf serum. For SCFS, cells were 
washed with PBS, trypsinized, pelleted, and resuspended into serum-free CO2-
independent medium (measurement medium). Cells recovered for 15 minutes at 37 °C 
under constant rotation. Antibodies AIIB2 (integrin !1-blocking antibody; 1:10 dilution of 
hybridoma supernatant; kind gift of K. Matlin, University of Chicago), P1H5 (integrin "2-
blocking antibody; 5 !g/ml; Santa Cruz Biotechnology), MAB1973 (integrin "2-blocking 
antibody; 5 !g/ml; Millipore) and MAB1956Z (integrin "5-blocking antibody; 5 !g/ml; 
Millipore) as well as EDTA (5 mg/ml) and dynasore (dynamin-blocking agent; 100 !M; 
Sigma) were incubated together with cells on ice for 30 minutes prior to SCFS 
experiments. 
3.2.2 Surface coating of AFM cantilever and coverslips 
Plasma cleaned AFM cantilevers were incubated in Concanavalin A (ConA; 2 mg/ml; 
from Canavalia ensiformis, Sigma; 4 °C; overnight) in PBS, bovine dermal collagen-I 
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(30 !g/ml; Cohesion; 25 °C; overnight) in coating buffer (200 mM KCl, 50 mM glycine, 
pH 9.2) or human plasma fibronectin (50 !g/ml; Roche; 25 °C; 2 hours) in PBS. SCFS 
supports were prepared as follows: Mica discs (! 6.5 mm) were glued (OP-29, Dymax 
Europe) to glass coverslips (! 24 mm). Then, collagen-I (30 !g/ml) suspended in 
coating buffer or fibronectin (50 !g/ml) suspended in PBS was added to freshly cleaved 
mica and incubated according to the cantilever-coating protocols. Weakly attached 
protein was removed with PBS and measurement medium.  
3.2.3 AFM instrumentation 
A NanoWizard AFM equipped with the CellHesion module (JPK Instruments) mounted 
on an Axiovert 200M (Zeiss) was used to perform SCFS experiments. Measurements 
were conducted at 37 °C. The 200-!m long V-shaped silicon nitride tipless cantilevers 
showed nominal spring constants of 0.06 N/m (NP-0, Veeco). Spring constants were 
calibrated using the equipartition theorem (Hutter and Bechhoefer, 1993) 
3.2.4 Cell capture, force measurement, and data processing 
Single cell suspensions were pipetted onto substrate-coated supports. The apex of a 
primary substrate-functionalized cantilever was lowered (10 !m/s) onto a cell until a 
force of 1 nN was recorded. After a contact time of 2 seconds, the cantilever was 
withdrawn 65 !m where the cantilever-bound cell was incubated for >10 minutes. Then 
the cantilever-bound cell was brought into contact with the secondary substrate-coated 
support for 60 seconds before the cantilever was withdrawn. For F-D curve 
measurements, the approach and retract velocity was 5 !m/s, the contact force 1 nN, 
and the pulling range was 65 !m. 20-30 F-D curves were recorded per cell. Cell 
recovery durations between F-D curve cycles were never shorter than the contact time. 
Detachment forces, force steps and tether extraction forces as well as contact stiffness 
(Figure 2-7) were extracted from F-D curves using in-house algorithms in Igor Pro 
5.05A (Wavemetrics). InStat (GraphPad Software) was used to perform the Mann-
Whitney test. 
3.2.5 Flow cytometry 
HeLa cells were harvested, centrifuged, resuspended to a concentration of 105 cells/ml 
in measurement medium supplemented with or without collagen-I (30 !g/ml) and 
incubated for 30 minutes at 37 °C under constant agitation. Cells were centrifuged and 
resuspended in ice-cold PBS w/ Mg2+, Ca2+ containing 2% BSA and 0.02% sodium-
azide to a concentration of 106 cells/ml. All subsequent steps were performed on ice. 
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One million cells were incubated for 1 hour with 20 !l FITC anti human CD49e antibody 
(BioLegend), washed in PBS w/ Mg2+, Ca2+, fixed for 20 minutes in 4% formalin and 
resuspended in PBS w/ Mg2+, Ca2+. Cells were analyzed on a LSRII flow cytometer 
(Becton Dickinson). Unstained cells served as control. Approximately 104 cells were 
analyzed per sample. 
 
3.3 Results & Discussion 
3.3.1 Developing a SCFS-setup to detect integrin crosstalk  
To examine crosstalk between integrins a new variant of the SCFS assay was 
implemented (Figure 3-1). Cantilevers were functionalized with different primary 
substrates to which HeLa cells adhere. Choosing appropriate primary substrates 
allowed the binding integrin type to be controlled. Primary substrate-bound cells were 
incubated for a time (" 10 minutes) sufficient to initiate receptor-induced signaling 
cascades (Lewis et al., 1996). With this ligand-bound HeLa cell the adhesion mediated 
by a different integrin type to a secondary substrate was probed. For substrates, 
collagen-I and fibronectin were chosen because they are abundant mammalian ECM 
proteins to which different sets of integrin receptors bind. For reference, HeLa cells 
were non-specifically tethered to AFM cantilevers coated with ConA, a lectin that binds 
mannose residues (Goldstein and Iyer, 1966). Since the majority of membrane-
associated proteins are decorated with mannose-containing oligosaccharides, cells 
readily attached to the cantilever. As this means of adhesion does not initiate cellular 
signaling cascades (Watanabe et al., 2003) it was used to measure the adhesion 
strength of non-stimulated cells to the secondary substrate. 
3.3.2 Detecting crosstalk between collagen- and fibronectin-binding integrins 
Different combinations of collagen-I, fibronectin and ConA as primary and secondary 
substrates were assayed. When fibronectin was used as secondary substrate, the 
adhesive strength of HeLa cells depended on the primary substrate. Compared to 
ConA-coated cantilevers, collagen-I-coating markedly decreased detachment forces 
(Figure 3-2A), indicating crosstalk between collagen- and fibronectin-binding integrins. 
Conversely, when collagen-I was used as secondary substrate, detachment forces did 
not change with primary substrate (Figure 3-2B). This concurs with previous studies 
reporting the unidirectionality of integrin crosstalk (Diaz-Gonzalez et al., 1996; Lichtner 
et al., 1998; Pacifici et al., 1994; Simon et al., 1997). 
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 Interestingly, detachment forces were the lowest when primary and secondary 
substrate were identical (Figure 3-2A,B). Since cells were incubated on the AFM 
cantilever for ! 10 minutes before starting the adhesion measurements, it is probable 
that the integrins accumulated at sites in contact with the cantilever. This accumulation 
depletes the number of receptors available on the opposite side of cell and decreases 
the adhesive strength between cell and secondary substrate. 
 
3.3.3 Excluding mechanical cell properties contributing to the crosstalk 
The primary substrate induced differences in the detachment forces measured on 
fibronectin-coated supports (Figure 3-2A) might result from differences in cell elasticity. 
Cell elasticity can influence the cell-support contact area and, thereby, the number of 
receptors participating in adhesion (Ward and Hammer, 1992). To estimate cell 
elasticity, the cell contact stiffness (CS) was extracted from approach F-D curves by 
fitting a linear function to the curve segment recorded while the cell was pressed 
against the secondary substrate (Figure 2-7B). The CS of HeLa cells pressed onto 
fibronectin-coated supports depended on the primary substrate (Figure 3-2C). 
However, cell CS did not correlate with maximum detachment force (Figure 3-2D). This 
demonstrates that although the primary substrate altered cell stiffness, this was not the 
mechanism by which adhesion to fibronectin was regulated. 
 
Figure 3-1. Modified SCFS setup to detect integrin crosstalk. AFM cantilevers (CL) coated 
either with ECM proteins (A) or ConA (B) as primary substrates. Different coating procedures 
enable specific (A) and non-specific (B) attachment of a HeLa cell to the functionalized 
cantilever. After firmly attaching a HeLa cell to the primary substrate the adhesion was probed 
to secondary substrates given by ECM protein-coated supports 
 
Chapter 3        Monitoring the crosstalk of cell adhesion molecules 
 63 
3.3.4 Identifying integrin receptors that crosstalk 
To identify integrin receptors involved in the adhesion to collagen-I and fibronectin, 
SCFS was performed in the presence of selective adhesion-inhibiting agents (Figure 
3-3A,B). Several integrins including !V"3, !5"1, !8"1 and !V"6 bind to fibronectin 
(Humphries et al., 2006). The integrin-independent background level of HeLa cell 
adhesion to fibronectin was determined in presence of EDTA, a Mg2+-chelating agent 
 
Figure 3-2. Adhesion strength of HeLa cells measured by SCFS. Box-whisker plots of 
forces required to detach cells from fibronectin- (A) and collagen-I-coated (B) supports with 
respect to cantilever coating (indicated in legend of A). (C) Slope of contact region ('contact 
stiffness') extracted from approach traces of F-D curves recorded in A. Values indicate 
primary substrate-induced differences in cell stiffness. (D) Plot of the contact stiffness versus 
detachment force recorded for each F-D curve from C. The slope of the fitted linear function 
(dashed line) is 0.012, indicating that there was no correlation between contact stiffness and 
adhesion strength. In all figures, box-whisker plots present half of the data points within the 
box and 80% within the whiskers. Black and red lines mark median and mean, respectively. 
The number of analyzed F-D curves is given above bars (<n>). Numbers between bars 
indicate the P-value of Mann-Whitney tests. ConA – Concanavalin A; Coll I – collagen-I; FN – 
fibronectin; CL – cantilever 
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that inhibits all integrins (Hynes, 1992). Addition of either integrin !1- or "5-blocking 
antibodies reduced the adhesion to background levels and showed that HeLa cells 
bind to fibronectin using primarily integrin "5!1 (Figure 3-3A). All collagen-binding 
integrins contain the integrin !1-subunit (White et al., 2004). Accordingly, addition of 
integrin !1-inhibiting antibodies reduced the adhesion of HeLa cells to background 
levels (Figure 3-3B). Integrins "1!1 and "2!1 mediate adhesion to fibrillar collagen-I 
(White et al., 2004). Both integrin "1- and "2-inhibiting antibodies reduced the adhesion 
of HeLa cells to collagen-I, but not to the level obtained by the addition of integrin !1-
blocking antibodies. It was concluded that both, integrin "1!1 and "2!1, were active. 
 
 
Figure 3-3. Identifying integrin receptors involved in the crosstalk. Box-whisker plots of 
forces required to detach cells from fibronectin- (A and C) and collagen-I-coated (B) supports in 
presence of EDTA and antibodies that block specific integrins. Addition of EDTA reduces cell 
adhesion to integrin-dependent background levels. Integrin "5!1 mediates adhesion of HeLa 
cells to fibronectin since integrin "5- and !1-blocking antibodies lower the strength adhesion to 
that of integrin-independent background levels (A). All collagen-binding integrins contain the 
integrin !1-subunit (B). Addition of integrin !1-blocking antibodies reduces adhesion strength to 
background levels. Integrin "1- and "2-blocking antibodies do not decrease detachment forces 
to background levels, suggesting that both integrins "1!1 and "2!1 mediate adhesion to 
collagen-I (B). Integrin "1-blocking antibodies abolish the decrease in detachment force 
showing that collagen-binding integrin "1!1 is involved in the crosstalk (C). Primary substrates 
are indicated in the legend of A. 
 
 To identify which collagen-binding integrin is involved in the crosstalk, SCFS was 
conducted with fibronectin as secondary substrate and in the presence of "1- or "2-
inhibiting antibodies (Figure 3-3C). With collagen-I as primary substrate and in absence 
of blocking antibodies the previously described decrease in detachment force (Figure 
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3-2A) was observed (Figure 3-3C). Addition of integrin !1-blocking antibodies abolished 
this decrease. From these results, it is concluded that upon binding of HeLa cells to 
collagen-I-coated cantilevers, integrin !1"1-initiated signaling events led to inhibition of 
integrin !5"1-mediated adhesion. Interestingly, addition of integrin !2-blocking 
antibodies further decreased the detachment force (Figure 3-3C). This suggests that 
inhibition of integrin !2"1 amplifies the integrin !1"1 induced crosstalk and concurs with 
studies demonstrating that these two integrins differentially activate integrin-dependent 
signaling pathways (Riikonen et al., 1995). To exclude non-specific effects that may 
have been induced by the antibody, cell adhesion in the presence of the integrin !2-
blocking antibody was measured using ConA as primary substrate. The adhesion of 
these cells was unchanged from that of control measurements (ConA-coated cantilever 
without antibody). Thus it is concluded that antibody binding to the integrin !2-subunit 
positively regulates the crosstalk between integrins !1"1 and !5"1. 
3.3.5 Crosstalk does not cluster or functionally modulate integrin !5"1 
To determine if the observed crosstalk changed cell adhesion by altering properties of 
surface integrins, unbinding events within F-D curves (Figure 2-7) recorded while 
detaching HeLa cells from fibronectin-coated supports were analyzed. Neither force 
step sizes (Figure 3-4A) nor tether extraction forces (Figure 3-4B) changed with 
primary substrate. An increase in force step size would have indicated changes in 
integrin affinity or integrin clustering (Friedrichs et al., 2008), while changes of the 
tether extraction force would reflect alterations in the plasma membrane or in the 
coupling between membrane and cytoskeleton (Tulla et al., 2008). It is concluded that 
integrin clustering and affinity modulation, as well as, changes in plasma membrane–
cytoskeletal coupling were not the mechanisms by which integrin !5"1 was regulated. 
3.3.6 Crosstalk regulates integrin endocytosis 
As part of their function integrins are endocytosed and recycled back to the plasma 
membrane (Caswell and Norman, 2008). Internalization of integrins, together with 
selected cargo/interacting proteins such as growth factor receptors, is an important 
mechanism by which cells regulate various signaling pathways (Stewart and Nemerow, 
2007). Disruption of integrin endocytosis and recycling is known to impair cell 
spreading, adhesion and migration (Roberts et al., 2001). 
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To test if integrin endocytosis is involved in the observed crosstalk, SCFS was 
performed in the presence of dynasore, an inhibitor of endocytosis (Macia et al., 2006). 
Addition of the drug counteracted the collagen-I dependent decrease in cellular 
detachment forces (Figure 3-4C), indicating that the observed integrin crosstalk 
involved endocytosis of integrin !5"1. In the presence of dynasore, detachment forces 
were slightly greater than those measured using ConA as the primary substrate. This 
effect is attributed to the accumulation of integrin receptors on the cell surface due to 
inhibited endocytosis. To verify that regulated endocytosis of integrin !5"1 decreased 
cell adhesion to fibronectin, additional experiments were performed. To mimic the 
 
Figure 3-4. Mechanistic insight into the integrin crosstalk. Box-whisker plots of force step 
(A) and tether extraction force (B) values extracted from F-D curves recorded for data in 
Figure 2A. Measured forces were independent of primary substrate, excluding clustering or 
functional modulation of integrin as the mechanism of the crosstalk. (C) Presence of a drug 
blocking endocytosis (dynasore) prevents crosstalk-mediated decrease in adhesion strength. 
(D) Flow cytometry results using a fluorescently labeled antibody against surface-exposed 
integrin !5. Preincubation with collagen-I (+ Coll I) resulted in a decrease in surface-exposed 
integrin !5-subunit. (E) Box-whisker plots of the most probable fluorescence intensities of 
integrin !5 antibody-labeled cells incubated with and without collagen-I. Values from 3 
independent flow cytometry experiments were pooled. 
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binding of HeLa cells to collagen-I-coated cantilevers, suspended cells were incubated 
in a collagen-I-containing solution. Cell surface binding of soluble collagen-I should 
initiate the identified crosstalk between !1"1 and integrin !5"1. In support of the 
endocytosis-hypothesis, the cell surface level of integrin !5"1, assessed by flow 
cytometry, was reduced on collagen-I-treated cells (Figure 3-4D,E). 
 Based on these findings it is concluded that adhesion of HeLa cells to collagen-I 
by integrin !1"1 initiates signaling events. The induced signal cascade increases 
endocytosis of integrin !5"1, thus lowering the cells ability to bind fibronectin. 
 
3.4 Conclusion 
Although most of the proteins involved in adhesion have been identified, the 
mechanisms by which cells regulate adhesion are poorly understood. One reason for 
this is that commonly used methods to study adhesion do not provide the quantitative 
information required to examine the mechanisms that regulate cell adhesion. AFM-
based SCFS quantifies cell adhesion strength and kinetics to the contribution of single 
adhesive bonds (Friedrichs et al., 2008; Friedrichs et al., 2007; Helenius et al., 2008; 
Taubenberger et al., 2007; Tulla et al., 2008). Here, SCFS was modified to detect and 
quantify crosstalk between CAMs. The modified SCFS setup uses single cells that are 
bound to a primary substrate and probes the strength of their adhesion to a secondary 
substrate. The influence of the primary substrate on the cell’s affinity for the secondary 
substrate allows conclusions about the CAMs involved and their regulation to be made. 
Using this approach, a novel crosstalk between collagen-binding integrin !1"1 and 
fibronectin-binding integrin !5"1 was observed. Furthermore, the experiments indicate, 
that in the crosstalk observed, !1"1 integrin binding does not regulate the binding 
affinity of integrin !5"1 but increase endocytosis of integrin !5"1. These results 
demonstrate that the developed SCFS method can both identify crosstalk between 
CAMs and unravel its mechanisms.  
 It is anticipated that this new SCFS approach will be used to study the 
mechanisms that regulate cell-substrate and cell-cell adhesion, particularly when CAM 
specific substrates are known. With this approach the mechanism regulating adhesion, 
including the recruitment, assembly and activation of receptors, are both differentiable 
and quantifiable. 
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Chapter 4 
4CELLULAR REMODELLING OF INDIVIDUAL COLLAGEN 
FIBRILS VISUALIZED BY TIME-LAPSE AFM 
4.1 Introduction 
4.1.1 The Collagen family 
Collagens are the main proteins of connective tissue and the most abundant proteins in 
mammals. Collagens are homo- or heterotrimeric proteins built up from different !-
chains containing characteristic triplet-Gly-X-Y-repeats where X and Y are often 
proline/hydroxyproline residues. All collagen types contain triple-helical collagenous 
domains, with the !-chains organised in a coiled-coil conformation. To date more than 
20 different collagen types have been described. They are divided into two classes, 
fibril forming and non-fibrillar collagens (Aumailley and Gayraud, 1998; Labat-Robert et 
al., 1990; van der Rest and Garrone, 1991). 
The fibril forming collagens (types I, II, III, V and XI) are almost entirely 
composed of a single collagenous domain. Due to intermolecular interactions these 
collagens form fibrils, fibres and fibre bundles (Fratzl et al., 1998). The fibrillar 
collagens contain specific ligand-binding sites for integrins !1"1, !2"1, !10"1 and !11"1 
(see 4.1.1.3). Integrin-collagen interactions are crucial for numerous cellular processes 
including cell adhesion, spreading and migration. Although the collagen-binding 
integrins differ in ligand specificity they bind to the same motif within fibrillar collagens, 
namely GFOGER or GFOGER-like domains (Emsley et al., 2004; Knight et al., 2000; 
Zhang et al., 2003).  
The non-fibrillar collagen subgroup is more heterogeneous and its members are 
composed of several triple-helical regions interrupted by non-collagenous domains. 
Depending on the structure, non-fibrilar collagens are divided into different classes. 
Network-forming collagens (types IV, VIII and X), where collagen-IV together with 
laminin networks form the main components of the basement membranes, type VIII is a 
component of tissue surrounding vessels and type X is present in hypertrophic 
cartilage. Micro-fibrillar collagen (type VI), which binds glycosaminoglycans, and 
thereby can interact with other ECM polymers. Fibril-associated collagen with 
interrupted triple helix collagens (type IX, XII, XIV, XVI and XIX-XXI) that bind fibrillar 
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collagens either directly or via small leucine-rich proteoglycans. Multiple triple-helix 
domain and interruptions (multiplexin) collagens (type XV and XVIII), which are also 
localized to the basement membranes. Transmembrane collagens (type XIII, XVII and 
XXIII) that are type II transmembrane proteins. Bundle-forming collagen type VII that is 
necessary for anchoring basement membranes to the underlying epithelia (Adachi et 
al., 1997; Kuhn, 1995; van der Rest and Garrone, 1991). 
4.1.1.1 Collagen-I 
Fibrillar collagen-I is the most abundant protein in the vertebrate body and provides the 
mechanical strength of skin, tendon, bone, dentine, cornea and sclera. Although it is a 
major component of most connective tissues, collagen-I is synthesized only by a 
subset of cell types, e.g. by fibroblasts in the loose connective tissue or by osteoblasts 
in bone. Collagen-I consists of two !1(I) chains and one !2(I) chain, that are encoded 
by two different genes (Orgel et al., 2001). The disruption of collagen-I expression 
leads to embryonic lethality due to ruptured blood vessels and mesenchymal cell death 
(Lohler et al., 1984). Mutations in collagen-I genes lead to a variety of disorders that 
mainly affect the structure of bone, skin and tendons. Two of the most studied 
disorders are osteogenesis imperfecta and Ehler-Danlos syndrome (Tucker, 1992). 
Osteogenesis imperfecta is a heterogeneous group of hereditary diseases 
characterized by brittle bones. Ehler-Danlos syndrome, on the other hand, is 
characterized by joint hypermobility and fragile skin. 
  Depending on the tissue, collagen-I can be organized into highly ordered, 
parallel arrays of fibrils. The precise arrangement of collagen fibrils in these ordered 
assemblies is of crucial importance for the mechanical properties of the tissue. For 
instance, the extraordinary tensile strength of tendon originates from large, highly 
oriented collagen-I fibers (Fratzl et al., 1998). Likewise, the ordered arrangement of 
collagen fibrils in bone is important for preventing bone fracture (Burr, 2002). In 
addition, collagen fiber realignment is often associated with the application of load or 
displacement to tissues, leading to the long-range extensibility of tendons (Purslow et 
al., 1998). The densely packed collagen fibrils in corneal stroma are of particular 
interest, since the arrangement is thought to be the origin of its transparency (Bron, 
2001). In different tissues, cells often co-align with ordered arrays of collagen fibrils, 
suggesting that the fibrils provide structural or signaling cues for cell alignment. The 
loss of collagen fibril/cell co-alignment in different pathological processes underlines 
the importance of coordinated cell/matrix alignment for proper tissue organization and 
function. 
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In cell biology and tissue engineering, collagen-I is widely used as a 
physiological substrate to promote cell growth and differentiation. Most commonly, thin 
layer coatings of tissue-culture surfaces enhance cell attachment (Klebe, 1974) and 
proliferation (Schor, 1980). In addition, three-dimensional (3D) collagen gels are used 
to study cell motility, polarity and differentiation under conditions resembling the in vivo 
microenvironment (Friedl and Brocker, 2000; Wozniak et al., 2003). Collagenous gels 
are also used as models for cell invasion (Behrens et al., 1989; Hotary et al., 2000). 
4.1.1.2 Collagen biosynthesis 
Collagen biosynthesis is a multi-stage process, from collagen gene transcription to the 
assembly of collagen molecules into morphological complex structure and/or linked 
with other ECM components. The transcription, translation and assembly of collagen-I 
will be described here. Biosynthesis is initiated with the transcription of the individual 
collagen genes. From the transcripts, precursor !-chains are synthesized. N-terminal 
synthesis is initiated on polyribosomes. Then, the growing chains are transferred to the 
ER through the use of a 20 amino acid signal sequence. Post- and co-translational 
modifications lead to the cleavage of the signal sequence as well as to the 
hydroxylation and glycosylation of proline and lysine residues within the precursor !-
chains (Bornstein, 1974). The triple helical form of collagen-I is required for the exit 
from the ER. Self-assembly begins at the C-terminus of the molecules with precursor 
!-chain association stabilized by disulfide bridges. Nucleation proceeds towards the N-
terminus to form the procollagen molecule, which is transferred to the Golgi apparatus 
for packaging and secretion. Secreted procollagens have N- and C-terminal 
propeptides that are cleaved by a procollagen peptidase resulting in helical molecules, 
the collagen monomers, ending in short telopeptides. Collagen-I monomers assemble 
into fibrils by a longitudinal head-to-tail association followed by a quarter-staggered 
lateral association (Hulmes, 2002). This special type of assembly is thought to be the 
origin of the characteristic D-periodicity (between 65 to 67 nm) found within native 
collagen-I fibrils (Figure 4-1; Meek et al., 1979). During collagen-I fibril assembly, 
covalent intermolecular aldol-crosslinks are formed between lysine or hydroxylysine 
residues of adjacent collagen molecules by the enzyme lysyl oxidase (Hornstra et al., 
2003; Rucker et al., 1998). This process stabilises the quarter-staggered arrangement 
of the monomers, and is therefore thought to strengthen the whole fibril (Bailey, Paul et 
al. 1998; Knott and Bailey 1998). 
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Figure 4-1. Schematic representation of collagen assembly - (1) Precursor !-chains are 
assembled in the ER to form triple-helical procollagen molecules. (2) Procollagen is converted 
to collagen by enzymatic cleavage of the propeptides. (3) The collagen molecules self-
assemble into collagen fibrils. (4) The fibrils assemble laterally into collagen fibers. The 67-nm 
periodicity is created by packing together rows of collagen molecules in which each row is 
displaced by one-fourth of the length of a single molecule. 
 
4.1.1.3 Collagen-binding integrins 
To date four integrins are known to bind collagens, namely !1"1, !2"1, !10"1 and !11"1 
(Heino, 2000). The !1- and the !2-subunit were first identified as the !-components of 
the Very Late Antigens (VLA-1 and -2 respectively; Hemler et al., 1986). Later they 
were shown to belong to the integrin family of cell surface receptors (DeSimone et al., 
1987). Integrin !10"1 and !11"1 were only recently identified. Integrin !10"1 was 
identified as a collagen-II-binding integrin on chondrocytes (Camper et al., 2001), and 
!11"1 as a collagen-I-binding integrin on cultured muscle cells (Velling et al., 1999). 
Tissue distribution of collagen-binding integrins both differs and overlaps. Integrins !1"1 
and !11"1 are mainly expressed in mesenchyme (Mechtersheimer et al., 1994; Tiger et 
al., 2001) while !2"1 is present primarily on epithelial cells and platelets (Zutter and 
Santoro, 1990) and !10"1 mainly on chondrochytes (Camper et al., 2001). In addition, 
!1"1 and !2"1 are expressed in fibroblasts, activated T-cells and certain endothelial 
cells. 
The four collagen-binding integrins differ with regard to ligand specificity. 
Integrin !1"1 mediates cell spreading on collagen types I, III, IV, V and XIII with a 
preference for type IV. Integrin !2"1 mediates cell spreading on collagen types I-V 
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(Nykvist et al., 2000). I-domains from all four collagen-binding integrins have been used 
in different binding-assays. I-domains from the !10 subunit (!10-(I)) bound to collagens 
type I-VI while !2-(I) and !11-(I) preferred the fibrillar collagens type I-III. !1-(I) showed 
a high affinity for the basement membrane specific collagen-IV and the beaded 
filament-forming collagen-VI (Kern and Marcantonio, 1998; Tulla et al., 2001; Zhang et 
al., 2003). 
The collagen-binding integrins are known to exert a wide variety of biological 
functions. Although the "1-knockout leads to early embryonic death (Fassler and 
Meyer, 1995) none of the existing !-subunit knockout mice show a severe phenotype. 
The !1-null mouse is viable and fertile and develops normally during embryogenesis. 
Nevertheless, fibroblasts derived from the mutant animals are unable to spread on or 
migrate into substrata of collagen-IV (Gardner et al., 1996). Also the integrin !2-null 
mice are viable, fertile and develop normally. However, platelets from these mice show 
a decreased adhesion to collagen-I (Chen et al., 2002). Integrin !10"1 knockout mice 
have a normal lifespan and are fertile but develop a growth retardation of the long 
bones (Bengtsson et al., 2005). Mice with a knocked out integrin !11 do currently not 
exist. 
 
4.2 Material & Methods 
4.2.1 Cell culture 
All cell lines used in this study were a kind gift of J. Heino (University of Turku, Turku, 
FIN). SAOS-2 wildtype cells (SAOS-WT), a non-transformed cell line derived from a 
primary osteosarcoma (Fogh et al., 1977) were maintained in cell culture medium 
(DMEM containing 5% fetal bovine serum (FBS), penicillin (100 IU/ml) and 
streptomycin (100 !g/ml; pen/strep). Chinese hamster ovary cells (CHO-WT) were 
cultured in MEM-! medium supplemented with 10% FBS, 2 mM glutamine and 
pen/strep. For cells stably transfected to express the integrin !2-subunit, 0.25 mg/ml 
(SAOS-A2) or 0.5 mg/ml (CHO-A2) geneticin was added to the media (all reagents 
from Gibco-BRL). Cultures were passaged every third day. For phase contrast 
microscopy, cells were trypsinyzed and a total of 1x105 cells in 2 ml medium were 
added to cell culture dishes (#30 mm) containing collagen-coated mica discs. After 
incubation at 37°C for 45 minutes, cells were washed with PBS and fixed in 4% 
paraformaldehyde/PBS for 10 minutes. Phase-contrast images were collected using a 
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10x objective and a CoolSNAP-CCD camera (Roper Scientific, Trenton, NJ) connected 
to an Axiovert 200M inverted microscope. For time-lapse video microscopy, cells were 
seeded in cell culture medium and incubated in a CO2- and humidity-controlled 
chamber at 37°C. Phase contrast images were recorded using a 5x or 10x objective 
every 30 seconds for a total of 45 minutes. For time-lapse AFM, cells resuspended in 
CO2-independent medium (cell culture medium containing 200 mM Hepes) were 
seeded onto glass coverslips (!24 mm) carrying collagen-coated mica discs (see 
below). For AFM imaging of fixed samples, cells were allowed to spread for 45 
minutes. Subsequently, the medium was removed, cells were washed once with PBS 
and fixed in 2% glutaraldehyde/PBS for 1 minutes followed by treatment with ice-cold 
4% paraformaldehyde/PBS for 30 minutes. After extensive washing with PBS, the 
samples were used immediately or stored at 4°C. 
4.2.2 Image processing and data analysis 
To statistically analyse cell polarization on aligned collagen supports, the outlines of all 
spread cells within phase-contrast images recorded after 45 minutes were determined 
manually using standard image processing software. The orientation of the cell body (" 
in degree) was assessed by fitting an ellipse to the outline of cells (Poole et al., 2005).  
Then, the SD of all "-values within one experiment was calculated.  Consequently, the 
mean-SD of all experiments performed on one condition served as a robust measure to 
evaluate the degree of cell alignment. As it has been previously shown that cells align 
parallel to the direction of collagen fibers (Poole et al., 2005), this test does not analyse 
the paraxial elongation (cell elongation along the axis of fibril orientation) but instead 
correlates the orientation of all cells within a given frame. 
4.2.3 Preparation of collagen matrices 
For use in AFM experiments and for phase contrast microscopy, mica discs (!6.5 mm) 
were attached to the centre of tissue culture dishes (!30 mm) and glass cover-slips 
(!24 mm), respectively using an optical adhesive (OP-29, Dymax Europe GmbH). All 
aqueous solutions were prepared using chemical reagents of analytical grade and 
ultrapure water (18 M!/cm). Solubilized bovine dermal collagen-I (3 mg/ml, Cohesion, 
CA) was diluted to 0.3 µg/ml in the indicated buffers and injected into the buffer 
solution covering a freshly cleaved mica disc. To obtain aligned collagen fibrils 
displaying the 67 nm D-periodicity, the collagen was diluted in 200 mM KCl, 50 mM 
glycine (pH 9.2) and left at room temperature overnight. To obtain aligned collagen 
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lacking D-periodicity buffer containing 200 mM MgCl2, 50 mM glycine (pH 9.2) was 
used. If necessary, D-periodic collagen matrices were fixed with 2% glutaraldehyde for 
1 minute, followed by quenching of unreacted aldehyde groups by two washes with 
freshly prepared sodium borohydride solution (1 mg/ml; Beisker et al., 1987). Bulk 
collagen fibrillogenesis was performed as described (Jokinen et al., 2004). Briefly, 
collagen stock solution was diluted in PBS on ice to a final concentration of 0.05 mg/ml.  
After the pH was adjusted to 7.4 using 1 M NaOH, the solution was pipetted onto Ø24 
mm glass coverslips and incubated for 12 hours at 37°C. 
4.2.4 AFM imaging of fixed and living cells 
All experiments were performed using a JPK Nanowizard AFM (JPK Instruments, 
Berlin) mounted on an Axiovert 200M inverted optical microscope (Carl Zeiss, Jena). 
AFM topographs and deflection images were recorded in buffer solution using contact 
mode. The 320 !m long V-shaped cantilevers used had nominal spring constants of 
0.01 N/m (MSCT-AUHW, di-Veeco). The force applied to the cantilever was adjusted 
manually to ~50 pN and the feedback gains were optimized to obtain the best 
resolution both in topographs and deflection images. AFM topographs of collagen 
matrices were recorded at line-scan rates of 1 Hz. AFM deflection images of fixed cells 
were collected at line-scan rates ranging from 0.3 to 0.6 Hz. For AFM imaging of living 
cells, a temperature-controlled sample holder was used (BioCell, JPK Instruments). 
CO2-independent medium was added into the BioCell and the setup was allowed to 
equilibrate for >15 minutes. Subsequently, the cell suspension (5x104 cells/ml) was 
added. After 10-15 minutes most cells attached firmly to the collagen substrate so that 
images could be acquired without dislodging cells. To minimize the acquisition time for 
single AFM images, the grid size was reduced to 256 x 256 pixels and the line-scan 
rate was increased to 1.2 Hz.  
4.2.5 Dissection of collagen matrices 
To compare the mechanical strength of D- and non-periodic collagen matrices, 
enhanced forces were applied to the AFM stylus while scanning in lateral direction over 
the collagen fibrils. To ensure reproducibility in force application, sensitivity and spring 
constant of cantilevers were calibrated prior to each experiment using the JPK 
software. First, 15x15 !m2 overview scans of D- and non-periodic matrices were 
recorded using contact mode AFM. For imaging, the force applied to the cantilever was 
~50 pN to prevent deformation of the matrices by the AFM stylus. To mechanically 
dissect the collagen matrices, smaller sections (3x3 !m2) within the overview 
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topograph were scanned applying contact forces between 1 and 5 nN. After 
manipulation the 15x15 !m2 area was re-imaged at low contact forces to document the 
deformations caused by the AFM stylus. 
4.3 Results and discussion 
4.3.1 Integrin !2"1 mediates cell polarization on aligned collagen matrices 
Integrin !2"1 is a main cellular collagen receptor (Santoro, 1986) and has been 
proposed to function as an efficient receptor for fibrillar collagen-I (Jokinen et al., 2004). 
To test whether cell alignment on D-periodic collagen-I matrices involved integrin !2"1, 
a pair of human osteoblast-like cells (SAOS-2) was used. Wildtype cells (SAOS-WT) 
lack endogenous integrin !2"1, whereas SAOS-A2 cells express integrin !2"1 as a 
result of stable transfection of the integrin !2-subunit (Vihinen et al., 1996). Both SAOS-
WT and SAOS-A2 cells were seeded on D-periodic collagen matrices and their 
spreading behaviour was observed by phase contrast microscopy. After 45 minutes the 
majority of SAOS-WT and SAOS-A2 cells had attached but the two cell lines displayed 
different morphologies. While SAOS-A2 cells were highly elongated and aligned 
(Figure 4-2A), SAOS-WT cells showed a random orientation, were more spread and 
often formed large lamellipodia (Figure 4-2B).  Statistical analysis of cell polarization 
(Figure 4-2E) showed a lower mean-SD of all calculated #-values (major axis of an 
ellipse fitted to the outline of a cell) representing the average orientation of 672  
(SAOS-A2) and 581 (SAOS-WT) cells. The analysis confirmed that SAOS-A2 cells 
showed a higher degree of alignment on nanopatterned collagen matrices compared to 
SAOS-WT cells. These results suggested that integrin !2"1 may play a critical role in 
the alignment of SAOS-A2 cells on the ordered matrix. Although SAOS-WT cells 
polarized poorly on the collagen matrix, they adhered and spread rapidly, indicating 
that overall adhesion was not impaired by the lack of integrin !2"1. As SAOS-WT cells 
expressed other collagen-binding integrins, including !1"1 (Vihinen et al., 1996) and 
possibly !10"1 and !11"1, these integrins may have mediated !2"1-independent cell 
adhesion to these matrices. 
To further investigate the role of integrin !2"1 in cell polarization the adhesion 
and alignment of wild-type chinese hamster ovarian (CHO-WT) cells lacking 
endogenous integrin-receptors for collagen, and CHO cells stably expressing the 
integrin !2-subunit (CHO-A2; Nykvist et al., 2000) was characterized. In combination 
with their endogenous integrin "1-subunit CHO-A2 cells form stable integrin !2"1 dimers  
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representing their sole collagen-binding integrin. Both cell lines were allowed to adhere 
to the nanopatterned collagen matrices for 45 min and subsequently observed using 
optical phase contrast (Figure 4-2C,D). CHO-A2 cells rapidly spread and effectively 
polarized on the support, whereas CHO-WT cells typically remained round-shaped and 
unspread even after prolonged incubation periods. Statistic analysis of cell orientation 
of 830 (CHO-A2) and 784 (CHO-WT) cells respectively (Figure 4-2E) supported these 
observations. The mean–SD of all !-values was significantly lower for CHO-A2 cells 
compared to CHO-WT cells demonstrating that the majority of CHO-A2 cells polarized 
along the same direction, whereas the majority of CHO-WT cells were randomly 
 
Figure 4-2. Integrin !2"1 promotes cell alignment along collagen fibrils. (A) SAOS-A2 and 
(C) CHO-A2 cells stably expressing integrin !2"1, as well as !2"1-negative wild-type cells ((B) 
SAOS-WT and (D) CHO-WT), were seeded on D-periodic collagen matrices (inset in Figure 
4-3A) and allowed to spread for 45 min before recording phase contrast images. White arrows 
indicate cell-induced deformations of the collagen matrix. Black arrows indicate the orientation 
of the collagen fibrils forming the matrix. (E) Statistical analysis of cell alignment: Mean standard 
deviation of all #-values (orientation of the major axis of an ellipse fitted to the outline of a cell) 
acquired within five individual experiments per condition. Labels indicate the pairs of data sets 
with significant differences (p < 0.001). 
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oriented. Thus, in agreement with the previous results obtained with SAOS-2 cells 
these experiments foster the idea that integrin !2"1 is required for cell alignment but not 
necessarily for overall cell adhesion to D-periodic collagen. 
 
4.3.2 Periodic- and non-periodic collagen matrices have different mechanical 
properties 
Phase contrast images of highly polarized SAOS-A2 cells frequently displayed fine, 
dark lines extending in the direction of the cell long axis (Figure 4-2A, white arrows). 
However, these structures did not resemble cellular protrusions. Instead, cells 
appeared to introduce subtle defects into the collagen matrix, leading to local 
differences in matrix density. The alignment of these defects with the long axes of 
SAOS-A2 cells suggested that cell polarization and matrix deformation might be 
functionally related.  
Because of their nanoscopic structure, the collagen fibril organization within the 
matrices could not be visualized by light microscopy. AFM allows observing the surface 
of biological as well as non-biological structures at a signal-to-noise ratio and spatial 
resolution superior to conventional optical microscopy (Frederix et al., 2003). 
Therefore, AFM was applied to observe structural changes of the nanopatterned 
collagen matrices occurring during cell spreading. The maximum AFM scan area 
(100x100 !m2) allowed imaging even elongated cells in a single frame, while the 
increased resolution revealed structural details of the collagen matrix down to individual 
collagen fibrils (Figure 4-3). To investigate the matrix structure in the vicinity of 
polarized cells, SAOS-A2 cells were seeded on D-periodic collagen matrices, fixed and 
imaged by AFM. The AFM images showed elongated cells (Figure 4-3A), 
complementing the light microscopy images (Figure 4-2A). At the front of the cell, 
collagen fibrils of the matrix were bundled into several thick fibrous structures. 
Apparently, the tensile strength of these fibers was sufficient to withstand the pulling 
forces exerted by the cells. In contrast, when cells pulled perpendicular on the fibrils, 
the matrix appeared to be highly pliable, resulting in large matrix deformation and 
exposure of the supporting mica surface along the side of the cells. The highly 
asymmetric deformation of the matrix pointed to an anisotropic rigidity, evidently 
resulting from the unidirectional array of tensile strong but highly pliable collagen fibrils. 
Consequently, D-periodic collagen matrices provided sufficient traction for cell 
protrusion and translocation in fibril direction, but not perpendicular to it. As a result, 
cells polarized in fibril direction, consistent with previous findings that cells extend and 
Chapter 4                                         Observing Collagen Fibril Remodelling by AFM 
 78 
migrate in the direction of the highest substrate rigidity (Lo et al., 2000). 
AFM images of SAOS-A2 cells placed on non-periodic collagen matrices 
typically demonstrated a round-shaped, spread cell morphology (Figure 4-3B), similar 
to the cell shape observed by phase contrast light microscopy. Usually, cells were 
almost completely surrounded by bare mica surfaces, demonstrating that the collagen 
matrix had been removed uniformly around the cell. In contrast to cells seeded on D-
periodic collagen matrices, no collagen bundles could be observed at the cell edge. 
Instead, the collagen matrix showed a frayed appearance apparently caused by the 
rupture of individual fibrils as the result of cellular pulling forces. This fact indicates 
reduced tensile strength of non-periodic compared to D-periodic collagen fibrils. The 
inability of cells to polarize on non-periodic collagen matrices therefore coincided with 
the facile rupture of collagen fibrils and the inability of cells to bundle collagen fibrils in 
front of the cell body. Compared to D-periodic matrices, the rigidity of non-periodic 
matrices appeared to be isotropically low, as pulling either in or perpendicular to the 
fibril orientation resulted in matrix disintegration. 
To confirm that cell alignment on D-periodic matrices resulted from differential 
mechanical properties along and perpendicular to the fibril orientation, SAOS-A2 cells 
were seeded on glutaraldehyde-fixed collagen matrices (Figure 4-3C). The artificially 
introduced chemical crosslinks led to the loss of mechanical anisotropy, producing a 
matrix of uniform rigidity. AFM images revealed that SAOS-A2 cells only minimally 
deformed crosslinked collagen matrices. Consequently, no directional traction could be 
created and cells did not elongate on these matrices. 
These results provide insight into mechanisms by which cells elongate on 
assemblies of aligned collagen fibrils as summarized in Figure 4-3D. During the initial 
phase of attachment, cells exert pulling forces in all directions, thereby probing the 
mechanical stability of the supporting matrix. D-periodic collagen fibrils can withstand 
the pulling forces, leading to the formation of cellular traction in fibril direction. At the 
same time, the low resistance of the fibrils to lateral pulling forces prevents the creation 
of cellular traction perpendicular to the fibril direction. Since traction is only provided in 
the fibril direction, cells extend parallel to the fibrils and polarize. In contrast, the low 
tensile resistance of non-periodic collagen matrices to contractile forces of the cell led 
to early fibril rupture, resulting in loss of directional traction and the ability to polarize. 
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Figure 4-3. Matrix rigidity anisotropy is required for cell polarization (A) On D-periodic 
collagen, cells polarize strongly and deform the D-periodic matrix perpendicular to the fibril 
direction. Collagen fibrils are bundled at the front and back of the cell without rupturing. The inset 
(3 µm ! 3 µm) shows an AFM contact mode topograph of "3 nm thick collagen matrices. The D-
periodicity of collagen fibrils forming the matrices is clearly visible. (B) Cell adhesion causes 
frequent rupture of non-periodic collagen fibrils, as demonstrated by the frayed appearance of 
the fibril ends and the widespread exposure of the mica surface in the cell periphery. The inset 
(3 µm ! 3 µm) shows an AFM contact mode topograph of "3 nm thick collagen matrices. The 
fibrils of these collagen matrices do not expose any periodicity. (C) Cells adhered to the 
chemically crosslinked matrix but did not polarize. White arrows indicate the orientation of the 
collagen fibrils within the matrices. (D) Model illustrating how differences in matrix rigidity 
between D-periodic and non-periodic collagen matrices affect cell polarization. Upon seeding, 
cells explore the mechanical properties of the surrounding D-periodic or non-periodic matrix by 
forming protrusions in all directions. Subsequently, cells form adhesion complexes and begin to 
exert pulling forces on the matrix. The high tensile strength of D-periodic collagen fibrils permits 
the establishment of strong cellular traction along the fibril direction. In contrast, the high pliability 
of the fibrils prevents traction when cells pull perpendicular to the fibril orientation. As a result of 
the directional traction the cells elongate. The low tensile strength of non-periodic collagen fibrils 
avoids traction build-up in the fibril direction, preventing cells from polarizing. 
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4.3.3 Probing the mechanical properties of D- and non-periodic collagen 
matrices  
Cells adhering to collagen matrices are known to secrete collagenases. Cleavage of 
collagen fibrils by these proteases is important for the structural remodelling of the 
matrix (Sternlicht and Werb, 2001). If non-periodic collagen fibrils where especially 
prone to the action of collagenases, because enzymatic cleavage sites might be 
exposed in these fibrils, proteolysis could weaken these fibrils. In this case, it would be 
difficult to distinguish whether non-periodic fibril rupture was strain-induced or caused 
by enzymatic cleavage. 
 
 
Figure 4-4. Probing the mechanical properties of periodic and non-periodic collagen 
matrices. The resistance of the matrices to lateral scratching forces was evaluated. A 15x15 
!m
2
 section of each matrix was imaged before smaller sections (3x3 !m
2
; indicated by black 
rectangles) were scanned at increased forces applied to the AFM stylus (see scheme). The 
manipulated areas were re-imaged at low-force (~ 50 pN) to reveal structural deformations 
induced by the AFM stylus during scratching experiments. 
 
To compare the mechanical properties of D-periodic versus non-periodic 
collagen matrices in a cell-free system, AFM experiments to mechanically deform the 
collagen matrices were performed (Figure 4-4). To this end, the matrices were first 
imaged using contact mode AFM at low forces ~ 50 pN. Subsequently, smaller regions 
within the image frame were scanned consecutively while increasing the forces applied 
to the AFM stylus stepwise (1 to 5 nN). The scanning direction during high force scans 
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was perpendicular to the fibril orientation. Finally, the matrix was re-imaged at low 
scanning force to reveal the structural alterations of the collagen matrices induced by 
the AFM stylus at elevated forces (Figure 4-4). For D-periodic collagen matrices, 
structural distortions could be observed starting at forces of 2 nN, whereas non-
periodic matrices irreversibly deformed at ! 1 nN. In the case of the D-periodic matrix, 
elevated forces applied to the scanning stylus rearranged the fibrils of the collagen 
matrix into larger fibrillar assemblies resembling the bundled structures induced by the 
cellular adhesion process (Figure 4-3A). The newly formed collagen fibrils extended 
into regions outside the mechanically manipulated areas, indicating their cohesion 
within the surrounding collagen matrix fibrils (Figure 4-4). Elevated forces of up to 5 nN 
applied by the manipulating AFM stylus further supported the formation of even thicker 
fibrils instead of their destruction. In contrast, the fibrillar non-periodic collagen could 
not be bundled by the lateral forces exerted by the AFM stylus. Instead, applying forces 
! 3 nN dissected the collagen from the matrix. Since the matrix outside the 
manipulated area was not affected by the mechanical removal of collagen, it may be 
concluded that the longitudinal cohesion within the non-periodic collagen fibrils is lower 
compared to of D-periodic collagen. Therefore, the mechanical manipulation 
experiments confirmed that D-periodic collagen fibrils were mechanically more stable 
against externally applied forces, which may originate from an enhanced interaction 
between collagen fibrils forming the matrix. 
4.3.4 Observing dynamic matrix deformation by time-lapse AFM 
Because AFM permits imaging samples under physiological conditions, living SAOS-
A2 cells could be observed dynamically deforming the matrix during polarization and 
migration. Low imaging forces of ~ 50 pN reduced possible deformations of the cell by 
the AFM stylus to a minimum (Le Grimellec et al., 1998). Cell-induced collagen matrix 
remodelling could be followed with a resolution sufficient to visualize the rearrangement 
of individual fibrils. Figure 4-5A-D shows consecutive images of a SAOS-A2 cell 
migrating over a D-periodic collagen matrix during an early stage of polarization. The 
scan area contains part of the leading edge and the adjacent lateral membrane of the 
cell. The AFM images revealed that during polarization cells explore the surrounding 
matrix by alternating cycles of membrane extension and retraction across the collagen 
fibril array. Frequently, tubular membrane structures were temporarily left behind the 
retracting membrane, apparently retained at their most distal part by points of firm 
adhesion with the matrix (Figure 4-5A, asterisk). This indicated that firm cell/matrix 
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contact had been established at discrete locations within the sheet-like membrane 
extensions. These cell/matrix contacts probably represent early integrin-containing 
adhesion complexes. Eventually, the membrane tubes were also retracted into the cell 
body, pulling attached collagen fibrils along towards the cell body (Figure 4-5B). Since 
collagen fibril deformation usually progressed synchronously with the retraction of the 
membrane tubes, these structures likely transmitted the main pulling force on the 
collagen matrix. Consistent with the finding that cells migrate along the path of highest 
rigidity, net cell migration occurred only in the direction of the collagen fibrils (Figure 
4-5B-D). 
 
 
Figure 4-5. Observing dynamic, cell-induced matrix deformation by time-lapse AFM. 
SAOS-A2 cells were seeded on a D-periodic collagen matrix and imaged continuously in AFM 
contact mode. (A)-(F) A subset of AFM deflection images from the recorded time-lapse series.  
A region depicting part of the leading edge (towards the top of the AFM image) of a polarizing 
cell was imaged.  The bending of individual collagen fibrils due to cellular pulling forces can be 
observed. Time after starting the time-lapse imaging is given in minutes and seconds. 
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4.3.5 Fibril bundling at the leading edge 
Cycles of membrane extension and retraction could also be observed at the leading 
edge of polarizing SAOS-A2 cells (Figure 4-6). However, since in this case membrane 
extension proceeded in fibril direction, the pattern of matrix deformation was different. 
At the onset of time-lapse AFM imaging, protruding membrane structures started to 
elongate along collagen fibrils (Figure 4-6A). Subsequently, a globular structure 
appeared at the end of one of these protrusions (Figure 4-6B arrow). Although the 
shape of this structure was dominated by a non-linear convolution with the scanning 
AFM stylus (Schwarz et al., 1994), it served as a structural marker to track the cellular 
extension over time. While this structure moved away from the cell body along a 
collagen bundle (Fig. 6C), the cell body remained stationary (dashed line). Two similar 
protruding structures formed on the right and left borders of the leading edge (Figure 
4-6B asterisks), where they matured into lamellipodia with small finger-like protrusions 
oriented parallel to the collagen fibrils (Figure 4-6D asterisks). After several minutes, 
the central structure retracted slightly but then remained stationary. This was 
accompanied by simultaneous antipodal movement of the cell body along the collagen 
fibrils (Figure 4-6D). It appeared that the protruding structure was tightly bound to the 
collagen matrix, providing an anchor point for a power stroke that propelled the cell 
body forward. The movement of the cell persisted until the globular structure fused with 
the cell body (Figure 4-6E,F). By the end of the time-lapse recording, lamellipodia, 
which had emerged from the sides of the leading edge (Figure 4-6C,D), formed 
continuous structures with large collagen bundles. As bundle formation indicated 
cellular pulling forces, these membrane extensions probably assisted in the forward 
movement of the cell. 
4.3.6 Cells extend lamellipodia and filopodia above and below the collagen 
matrix 
Besides bundling of the collagen matrix on the leading- and trailing edge, cells formed 
additional bordering structures interacting with the surrounding collagen matrix. These 
cellular protrusions were not exclusively found on top of the collagen matrix, as seen in 
Figure 4-3 and Figure 4-6, but could also frequently be observed below the matrix. 
Figure 4-7A shows an aligned cell deforming the matrix. Adjacent to the central 
collagen bundle, large lamellipodia as well as filopodia were formed (Figure 4-7A, white 
rectangles). Figure 4-7B and Figure 4-7C depict these two areas at higher 
magnification. Two filopodia run at first below the collagen matrix and emerge from 
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underneath the matrix several micrometers away from the large central collagen bundle 
(Figure 4-7B). A lamellipodium displayed in Figure 4-7C extends entirely beneath the 
matrix  
 
Cellular protrusions were not restricted to one side of the matrix, but could be found 
extending both below and above the same array of collagen fibrils (Figure 4-7D). A 
similarly complex intertwining of cell protrusions and collagen fibrils has been observed 
for fibroblast in 3D collagen matrices (Jiang and Grinnell, 2005). Such “cell/matrix 
entanglement” enhances mechanical cell attachment to 3D collagen matrices. 
Likewise, by encompassing collagen fibrils, the cell may increase cell/fibril contacts and 
enhance traction on 2D matrices. The formation of cellular protrusions below and 
above the collagen matrix was not restricted to the highly ordered matrices used in this 
study. Cells growing on glass coverslips coated with conventional, non-oriented 
matrices formed from collagen fibrils preassembled in solution also showed extensive 
cell/fibril entanglement (Figure 4-7E). Although these matrices have a lower fibril 
density, many fibrils could be found on top, as well as below the cell body. Therefore, 
 
Figure 4-6.  Cyclic patterns of membrane extension and cell body translocation along 
collagen fibrils. (A)–(F) AFM deflection image series of a living SAOS-A2 cell demonstrating 
alternating cycles of membrane extension (A)–(C) and cell body translocation (D)–(F). The 
dashed line indicates the location of the leading edge of the cell at the beginning of the time-
lapse recording. Asterisks and arrows mark cellular protrusions formed during cell movement. 
Time after starting the time-lapse imaging is given in minutes and seconds. 
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the process of cell/matrix entanglement is not restricted to 3D collagen matrices but to 
some degree occurs also on thin collagen matrices. This may have to be considered 
during the evaluation of results from adhesion studies on 2D collagen matrices. 
4.3.7 D-periodic collagen fibrils display high tensile strength 
Here, mechanisms underlying cell alignment on parallel arrays of collagen fibrils were 
studied. As a model system thin matrices containing parallel arrays of collagen-I fibrils 
were used. Fibrils within the matrix displayed a characteristic banded pattern with a 
periodicity of 67 nm. This so called D-banding pattern is typically found in collagen-I 
fibrils in vivo and has been attributed to the quarter-staggered arrangement of collagen 
molecules within the fibril, leading to alternating regions of densely and loosely packed 
collagen molecules (Petruska and Hodge, 1964). However, in the absence of 
potassium ions, collagen fibrils formed matrices displaying no periodic structural 
features (Jiang et al., 2004). Compared to D-periodic fibrils, non-periodic collagen fibrils 
were of much lower tensile strength as they readily ruptured under cellular pulling 
forces. In addition, lateral and longitudinal interactions between collagen molecules 
within non-periodic fibrils appeared to be reduced, indicated by their low resistance to 
lateral shear forces. The formation of collagen fibrils from elongated building blocks 
requires longitudinal overlap of the collagen molecules. The regular stagger of collagen 
molecules in D-periodic collagen may be required to maximize lateral interactions 
between adjacent collagen molecules thus forming fibrils of high tensile strength. The 
highly ordered arrangement of collagen molecules in D-periodic fibers may also 
promote the formation of enzymatically-derived covalent crosslinks between building 
blocks. However, as the collagen matrices were assembled in cell-free systems, non-
enzymatic cross-linking or non-covalent intermolecular interactions must account for 
the higher mechanical strength of the periodic collagen matrices. In non-periodic 
collagen, random stagger, or irregular superimposition of different staggers, may 
prevent the formation of strong intermolecular interactions between the collagen 
molecules. It is unknown whether similar non-periodic collagen-I fibrils assemble in 
vivo. However, the low resistance of non-periodic fibrils to tensile forces underlines the 
importance of the D-periodic stagger for the mechanical strength of collagen-I fibrils. 
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Figure 4-7.  Cells extend lamellipodia and filopodia both above and below the collagen 
matrix. SAOS-A2 cells were seeded on D-periodic collagen matrices assembled on mica (A)-
(D) or on glass coverslips coated with collagen fibrils preassembled in solution (E). After 45 
minutes cells were fixed consecutively with glutaraldehyde and paraformaldehyde. (A) Overview 
AFM deflection image of a polarized cell on a D-periodic collagen matrix. The cell has formed 
large lateral lamellipodia. (B) and (C) Two regions of the overview image (A) imaged at higher 
magnification. Lamellipodia and filopodia extend underneath the collagen matrix. Deformation of 
the matrix occurred only several micrometers behind the membrane edge (approximate onset of 
deformation indicated by white line in (C)). (D) High magnification image of a cellular protrusion 
simultaneously contacting several collagen fibrils from above and below. (E) Section of a 
SAOS-A2 cell grown collagen-coated glass coverslips. The cell is growing partially below and 
on top of the collagen coating. 
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4.3.8 Anisotropic matrix rigidity controls cell alignment 
The alignment of cells on D-periodic, but not on non-periodic or cross-linked matrices 
demonstrated how mechanical properties of different collagen fibril assemblies 
influence cell morphology and migration. D-periodic collagen fibrils are highly pliable 
but possess excellent tensile strength. When these fibrils form oriented assemblies, 
mechanical anisotropy is conferred from the individual collagen fibrils onto the mature 
matrix. In different tissues containing highly oriented collagen fibril arrays, cells 
populating the ECM often co-align with the fibrils. Since the embedded cells initially 
deposit these fibrils, this raises the question whether fibril orientation is determined by 
cell orientation, or vice versus, whether cells align along the collagen fibrils. These 
experiments demonstrate that cells are able to align efficiently along ordered fibrils if 
their array creates non-uniform matrix rigidity. However, the cell-induced bundling of 
collagen fibrils may also be important for fibril organization in tissues, suggesting a 
complex mechanical interdependence between fibril and cell orientation. 
4.3.9 Integrin !2"1 is indispensable for cell polarization but not adhesion on 
ordered collagen-I matrices 
Although SAOS-WT cells do not express integrin !2"1, they adhered to and spread on 
D-periodic collagen matrices. These cells also partially disrupted the matrix, indicating 
that they exerted considerable force on the matrix. Since integrins are the main 
adhesion-mediating collagen receptors, this suggested that other integrin receptors 
partially compensated for the absence of integrin !2"1. However, !2"1 -deficient SAOS-
WT cells did not align along D-periodic collagen and predominantly formed sheet-like 
protrusions instead of filopodia contacting individual collagen fibrils. In addition, CHO-
A2 cells expressing integrin ! !2"1 as their sole collagen-binding integrin efficiently 
polarized on the collagen matrix whereas CHO-WT cells lacking integrin receptors for 
collagen did not. This indicates that the presence of integrin !2"1 is sufficient to drive 
cellular alignment and polarization along the collagen fibrils. 
These observations suggest an important role for integrin !2"1 in cell 
polarization along collagen-I fibrils. But whether this integrin is required to build up 
sufficiently high forces required for cell orientation and collagen remodelling or whether 
integrin! !2"1 induces secondary processes responsible for cell alignment remains to be 
shown. 
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4.3.10 Cell translocation involves cycles of membrane extension and retraction 
Fibroblasts translocate collagen fibers in a discontinuous motion involving repetitive 
cycles of cell extension, retraction and release. The cyclic pattern of membrane 
extension and cell body translocation that could be observed at the leading edge of 
polarizing SAOS-A2 cells (Figure 4-6) resembled the ‘hand-over-hand’ mechanism of 
collagen fibril transport over the cell body (Meshel et al., 2005). Kinetic parameters for 
the transport of collagen fibers over the cell body have been obtained previously, with 
an average retraction velocity of 2.64 !m/minute and fiber displacement of ~ 4 !m per 
retraction event (Meshel et al., 2005). When scanning living cells by AFM, possible 
distortions by the AFM stylus have to be eliminated. Proper tracking to contour and not 
to perturb the cell surface by the AFM stylus requires sufficient time for the feedback 
system of the AFM to react. This limits the time resolution to ~ 4 minutes/frame, making 
it impossible to determine fast kinetic parameters of the cyclic cell movement. 
However, the overall similarity between the ‘hand-over-hand’ cycle observed by others 
(Meshel et al., 2005) and in this study suggests a common underlying mechanism, 
leading either to the transport of loose fibrils across the cell or to cell translocation 
along immobilized fibrils. 
4.3.11 2D collagen matrices are partially remodeled into a 3D environment 
Despite their widespread use for tissue culturing, 2D substrates are frequently inapt cell 
growth supports because their flat, usually rigid surface does not mimic the natural 
cellular environment. 3D cell culture substrates, in particular collagenous gels, offer a 
physiologically more relevant environment and promote cell growth and differentiation 
in ways that resemble in vivo cell morphology and function (Grinnell, 2003; Pedersen 
and Swartz, 2005). Striking examples for cell behaviour restricted to 3D-environment 
are MDCK cell tubulogenesis in collagen gels (McAteer et al., 1987) and the formation 
of specific integrin “3D-matrix adhesion” structures (Cukierman et al., 2001). 
Nevertheless, the coating of 2D tissue culture substrates with collagen-I to enhance 
cell growth and differentiation is common practice. Because of their thinness, these 
coatings are generally considered to establish a strictly 2D substrate. However, AFM 
topographs of cells on structured and conventional 2D collagen matrices demonstrated 
extensive entanglement of cellular protrusions with the matrix. The protrusions 
contacted the matrix both basally and apically by repeatedly crossing the plane of the 
matrix. Similar cell/matrix entanglements have been described for fibroblasts 
embedded within 3D collagen matrices and have been proposed to contribute to the 
anchorage of cells to the ECM, either as an alternative or addition to integrin-mediated 
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adhesion (Jiang and Grinnell, 2005). Thus, the interaction of cells with 2D collagen 
substrates may involve a considerable 3D component. This should be considered when 
adhesion studies using thin collagen surfaces and “true” 2D (uncoated) surfaces are 
compared.  
4.3.12 Ordered collagen matrices as tools for cell adhesion studies 
The ordered 2D collagen matrices are formed by directing the self-assembly process of 
collagen molecules into fibrils that associate with each other in an oriented manner 
(Cisneros et al., 2006; Jiang et al., 2004). High-resolution AFM images of the collagen 
fibrils assembled into these matrices showed that their structure resembles that of 
collagen fibrils in fibers assembled in vitro (Cisneros et al., 2006; Jiang et al., 2004). 
The high structural reproducibility makes these collagen matrices suitable tools to study 
cell adhesion and migration under constant conditions. For instance, these matrices 
provide excellent substrates for cell adhesion measurements, because their structural 
homogeneity guarantees that changes in adhesion are cell-specific and not due to 
changes in matrix density or structure (Taubenberger et al., 2007). In future these 
collagen matrices may also be used to characterize, for example, how chemical signals 
compete with the structural information provided by the matrix to direct cellular 
properties such as attachment, orientation and migration. 
 
4.4 Conclusion 
Here, mechanisms of matrix-induced cell alignment were studied. The two-dimensional 
collagen-I matrices applied resemble structures found in vivo. Therefore, conclusions 
on the cell behaviour of mamalian cells in tissues can be drawn. By time-lapse AFM it 
could be demonstrated that during alignment cells deform matrices formed from D-
periodic collagen fibrils by reorienting individual fibrils. Cells deformed these collagen 
matrices asymmetrically, suggesting an anisotropy in matrix rigidity. By cell-free AFM 
scratching experiments it was verified that matrix anisotropy was not cell induced. 
When matrix rigidity was rendered uniform by chemical cross-linking or when the matrix 
was formed from collagen fibrils of reduced tensile strength, cell polarization was 
prevented. This suggested that both the high tensile strength and pliability of collagen 
fibrils contribute to the anisotropic rigidity of the matrix, leading to directional cellular 
traction and cell polarization. During alignment, cellular protrusions contacted the 
collagen matrix from below and above. This complex entanglement of cellular 
protrusions and collagen fibrils may further promote cell alignment by maximizing 
cellular traction. 
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Chapter 5 
OUTLOOK 
Although some advances in the study of cell-ECM interactions have been gained 
during the course of this thesis, the field still bears enormous potential. Experiments to 
extend the knowledge obtained in this study are proposed within the next paragraphs. 
5.1 Galectins in cell adhesion 
The findings presented in Chapter 2 emphasize the complex regulation of epithelial cell 
functions by galectins. Galectins present a significant scientific challenge. They are 
multivalent and capable of interacting with many ligands via various carbohydrate 
structures. The overlapping binding specificities of different galectins further complicate 
the characterization of their cellular functions. These complex properties probably 
explain the diverse cellular functions attributed to galectins. It appears that a 
systematic analysis of the roles of individual galectins in different cell types will be 
necessary to understand their functions. The combination of RNAi and SCFS was 
shown to be a valuable tool in the study of specific proteins and their contributions to 
aspects of cell adhesion not assessable with traditional methods. Future studies will 
focus on the question if the discovered effect of galectin-3 on the clustering behavior of 
integrin !2"1 is restricted to the analyzed epithelial MDCK cell line. To this end, cell 
lines of different origin and with different integrin expression pattern will be analyzed for 
their galectin-3-dependent adhesive behavior to ECM proteins. In MDCK cells, integrin 
!2"1 is the main receptor for collagen-I. It is tempting to speculate if cell lines 
expressing other integrins as predominant collagen receptor show a behavior similar to 
the results presented in Chapter 2. So far, the evidence for galectin-mediated integrin 
clustering is indirect. It just relies on the analysis of F-D curves and not on the direct 
visualization of integrin-based adhesion complexes. TIRF microscopy has been shown 
to be helpful in the analysis of the cell-surface contact area (Figure 2-16). In 
combination with fluorescently labeled integrin subunits or components of adhesion 
complexes (e.g. talin and vinculin) this setup will facilitate the direct visualization 
galectin-induced integrin clusters. 
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5.2 Systematic examination of adhesion-receptor crosstalk using SCFS 
As part of Chapter 3 a modified SCFS setup was applied to identify a novel crosstalk 
between collagen-binding integrin !1"1 and fibronectin-binding integrin !5"1. Since 
crosstalk networks are likely complex, data on a single integrin crosstalk interaction is 
unlikely to explain the complex behavior of cells in vivo. A systematic approach to 
screen for ECM protein binding induced regulation of adhesion has not been done. 
Fortunately, the SCFS assay developed allows a limited systematic screen to be 
performed. 
To screen different combinations of cantilever and surface functionalization, the 
SCFS method must be further modified. Presently, one functionalization pair is 
examined per cell. To improve throughput, adhesion substrate arrays will be 
developed. A simple array could consist of small mica disks glued to a glass 
microscope coverslip. Thereby, supports displaying many different substrates could be 
prepared. However, the horizontal movement range of the microscope is restricted in 
the current setup, thereby limiting the number of substrates that can be assayed 
simultaneously to a maximum of four substrates. However, more than 16 substrates 
should be assayable if the AFM-based crosstalk setup is combined with a heating 
device developed by the AFM supplier that allows for the usage of culture dishes. 
Other CAMs are involved in cell-ECM and cell-cell adhesion (see 3.1). These 
receptors are also involved in adhesion crosstalk (Chen and Gumbiner, 2006). 
Therefore, soluble domains of cell-cell adhesion receptors could be included into the 
screen. Analogous to ECM proteins, these could be used to functionalize surface and 
cantilevers. 
5.3 Characterizing cellular interactions with nanopatterned collagen 
matrices 
The results of Chapter 4 show that ordered collagen matrices are able to direct the 
behavior of cells. This process involves the recognition of mechanical properties and 
most likely of nanotopographic features on the surface of the collagen microfibrils by 
cells. The ability to regulate cell behavior combined with excellent biocompatibility 
make nanopatterned collagen matrices a promising tool for the surface 
biofunctionalization of biomaterials. The future use of such ordered, nanotopographic 
collagen surfaces depends on the understanding of the molecular mechanisms 
involved in the response of cells to these matrices. How do cells detect the mechanical 
and topographical information contained within the collagen matrices and how is this 
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information translated into intracellular signaling events ultimately leading to a 
coordinated response of the cells? 
 Cells adhere to collagen fibers via integrin-containing focal adhesion points. For 
understanding how collagen directs cell behavior, it will therefore be essential to 
characterize in detail the mechanisms underlying integrin-mediated adhesion to 
collagen. This will require the analysis of focal adhesion formation and turn over as well 
as force spectroscopic measurement of integrin-mediated adhesion to collagen. Time-
lapse confocal laser scanning microscopy could be employed to visualize real-time 
focal adhesion and cytoskeletal dynamics in cells expressing fluorescent marker 
proteins. Furthermore, intracellular signaling events associated with focal adhesion 
formation and turn over, such as tyrosine phosphorylation of focal adhesion proteins, 
could be investigated with the help of special fluorescent reporter constructs. 
 The effect of variations in the microfibrillar collagen nanotopography (D-periodic 
vs. non-periodic) on integrin-mediated adhesion could be quantified using AFM force 
spectroscopy. Purified integrin receptors immobilized on the AFM cantilever would 
enable the measurement of binding forces between the integrins and D-banded and 
non-D-banded collagen matrices. Furthermore, the force measurements could be 
extended to the interaction of living cells with D-periodic and non-periodic collagen 
matrices. This will give a quantitative measurement of the influence of collagen 
nanotopography on the collagen-integrin interaction in living cells. 
 These studies could offer novel insight into how changes in the nanostructure of 
collagen lattices influences the formation of focal adhesions, lead to cytoskeletal 
rearrangements and direct cell migration. Ultimately, such insight will facilitate the 
design of intelligent, biofunctionalized materials that are able to precisely control 
cellular behavior. 
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